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ABSTRACT 
The ability of food grade aqueous surfactant solutions to remove toluene or 
1,2,4-trichlorobenzene entrapped in sand and two Iowa soils was evaluated in batch 
and column experiments. Also, the effects that environmental conditions have on 
contaminant solubilization and mobilization by surfactants and the technical viability 
of recovering the surfactants for possible reuse were studied. 
Synergism between the anionic Dowfax 8390 and the nonionic T-Maz 60 was 
not observed. A mixture of the two was less effective than Dowfax 8390 by itself. 
1,2,4-trichloroben2ene removal enhancements via microemulsifiers were less 
effective than that by Dowfax 8390 for a sandy soil. Food grade surfactants were 
suitable for surfactant-aided remediation of Fruitfield Iowa soils contaminated with 
toluene or 1,2,4-trichlorobenzene. 
Based on the experimental results, optimal range for each environmental 
parameters was: 1) Surfactant solution pH: 10, 2) Surfactant solution concentration; 
4%(v/v), 3) Surfactant solution average temperature: 33.4°C, 4) Surfactant solution 
flow rate: 4mL/min, 5) Surfactant solution volume to soil weight ratio: 4. The removal 
of 95% of 1,2,4-trichlorobenzene was obtained with optimal conditions. In addition, 
surfactant-assisted saturated hydraulic conductivity losses were observed 
experimentally and should be considered prior to in-situ surfactant remediation. 
Counter-current solvent extraction was investigated to determine its efficiency 
for used surfactant recovering. A simple counter-current extraction apparatus with a 
convex orifice system was used. Hexane, acetone, and methylene chloride were 
used as the counter-current solvent. Toluene was effectively removed from the 
anionic surfactant solution using methylene chloride solvent and 1,2,4-
trichlorobenzene was effectively removed from the anionic surfactant solution using 
hexane or methylene chloride. Removal of toluene was greatest at 30ml-/min of 
methylene chloride flow rate and 1,2,4-trichlorobenzene was greatest at 10mL/min of 
hexane flow rate. This study suggests that counter-current solvent extraction 
methods may help to recycle anionic surfactant solutions used for remediation of 
contaminated soil and groundwater. 
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GENERAL INTRODUCTION 
The Problem of Hydrophobic Organic in Soil and Groundwater 
Hydrophobic organic compounds (HOCs) frequently enter the subsurface as 
a result of industrial accidents (spills, leaks, and leaking underground storage tanks), 
and these chemicals represent a long-term source of soil and aquifer contamination. 
Their removal from contaminated soils and aquifers is difficult because they possess 
low solubilities and high interfacial tensions. The high interfacial tension results in 
large capillary forces and large displacement entry pressures that resist flushing by 
water. 
Surfactant-Enhanced Remediation and Problems with Surfactants 
It is widely recognized that water pump-and-treat methods are neither an 
effective nor economical means of recovering residual NAPL's (non-aqueous phase 
liquid) from contaminated aquifers. One method to potentially improve the efficiency 
and time of remediation is to add surfactants (surface active agents) to the water. 
Surfactants have the ability to both solubilize hydrophobic substances and to lower 
the interfacial tensions and increase mobility of the contaminants. Recently, 
extensive research on soil and groundwater remediation has demonstrated that 
surfactant flushing improves the efficiency of pump-and-treat remediation (Abdul et 
al., 1990a, b, 1992; Baranow, 1996; Brown and Burris, 1996; Bruelleta!., 1998; 
Butler and Hayes, 1998; Carriere and Mesania, 1995; Edwards et al., 1991,1994 a, 
b, c; Fountain et al., 1991,1995; Liu and Roy, 1992, 1995; Mercer and Cohen, 1990; 
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Nayyaretal., 1994; Penneletal., 1993,1994,1996,1997; Rajput etal., 1994; 
Rouse et al., 1993, 1995, 1996; Shiau et al., 1994 a, b, 1995, 1996). 
Literature review shows that surfactant-aided remediation for the cleaning of 
hydrophobic organic contaminants is still in the development stage and that the 
factors influencing effectiveness are not well understood. Although laboratory 
experiments have documented the effectiveness of surfactant solutions in the 
removal of a variety of hydrophobic contaminants from soils and groundwater, the 
results of field studies have shown only limited success (Cole, 1994; Nash, 1987, 
1988; Sabatini etal., 1997; Vigon and Rubin, 1989; Wunderlich etal., 1993). No 
systematic method of selecting and optimizing these surfactants for contaminants 
removal from soils and aquifers based upon general scientific principles has yet 
appeared in the literature. More laboratory work is required to completely 
understand contaminant removal mechanisms and the limitations of surfactant-
assisted remediation. 
A potential obstacle to widespread implementation of surfactant-aided 
remediation, even if very effective, is obtaining regulatory approval for the injection 
of surfactants into the subsurface. Such approval probably will be granted if the 
surfactants have U.S. FDA (Food and Drug Administration) food additive status (Ang 
and Abdul, 1991; Falatko and Novak, 1992; Rouse et al., 1993; Valsaraj and 
Thibodeaux, 1989; Vigon and Rubin, 1989; West, 1992) because this type of 
surfactant is rapidly degraded and presents no hazard in itself. This study will focus 
on the use of surfactants with U.S. Food and Drug Administration (FDA) direct food 
additive status. 
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The goal of this study was to gain information on the factors that affect 
laboratory-scale surfactant washing of natural soils and that will aid in the design 
and implementation of future field tests of surfactant-enhanced groundwater 
remediation. This study is a phenomenological study. The goal of this research was 
to investigate some of the factors affecting the effectiveness of surfactants in 
leaching hydrophobic organic contaminants from soil. I did not attempt to 
characterize the mechanisms involved in the leaching phenomena. As parts of this 
goal, the study objectives are: 
i) to evaluate and quantify the hydrophobic organic chemical removal efficiency 
by food grade surfactants. 
ii) to compare the solubilization and mobilization efficiency of food grade 
surfactants with non-food grade surfactants investigated in my prior study 
(Lee, 1997). 
iii) to determine the effects that environmental conditions have on contaminant 
solubilization/mobilization by surfactants. 
iv) to evaluate the technical viability of recovering the surfactants for possible 
reuse. 
To achieve the objectives, the research will be composed of three parts. The 
first part addresses the removal of hydrophobic organic in Iowa soil using food grade 
surfactants. The second part investigates the effects of environmental factors in 
surfactant-based remediation. Finally, the last part addresses a method for 
recovering of used surfactant. 
4 
Dissertation Organization 
This dissertation is composed of a literature review, analytical procedures 
(methods) and three parts of research. Following the third part is a general 
summary and conclusion. All references cited in the text are listed after the 
appendices. 
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LITERATURE REVIEW 
Limitation of Pump-and-Treat Remediation 
Contamination of soils and aquifers by organic chemicals is a major concern. 
The U.S. currently spends an estimated $115 billion a year to meet the requirements 
of various environmental laws (Currie et al., 1992). The cost distribution among 
water, land and air contamination is about 43 %, 26 %, and 29 %, respectively 
(Lobel, 1986). Freeze and Cherry (1989) concluded that restoration to drinking 
water standards of aquifers contaminated with DNAPLs may be impossible at any 
cost, and Rouse et al. (1994) showed that it is technically impossible to restore 
contaminated aquifers to health-based standards using pure water pumping-and 
treating. If pumping is ceased before all of the organic contaminant is removed, the 
contaminant concentrations in the groundwater will rise as desorption from soil 
particles continues (Mackay and Cherry, 1989). Cleanup of groundwater 
contaminated by hydrophobic organic chemicals typically proceeds slowly using the 
common pump-and-treat approach. Field studies have led to the conclusion that 
pump-and-treat is usually ineffective (Travis and Doty, 1990). 
Yet the primary remediation strategies used for groundwater remediation are 
water pump-and-treat methods (Lipe et al., 1996). The question exist: "What may be 
done to improve in-place systems and provide what may be adequately termed 
remediation in future designs?" (Mackay and Cherry, 1989). Improved remediation 
methods are essential. Surfactant-enhanced remediation is being widely considered 
for this purpose (Edwards et al., 1991). Surfactants may aid in remediation of 
subsoil and aquifers contaminated with hydrophobic organic compounds. 
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Surfactant Properties 
Surfactants are amphiphilic molecules with a hydrophobic portion (usually a 
long hydrocarbon chain) and hydrophilic (polar) head group. Surfactant is an 
abbreviations for SURFace ACTive AgeNT, so named because these molecules 
tend to migrate to surfaces and interfaces or create new molecular surfaces by 
forming aggregates. There are four general classes of surfactant which are 
classified by the charge on the polar head group: anionic, nonionic, cationic, 
zwitterionic. The critical micelle concentration (CMC), the surface and interfacial 
tension (IFT), and the hydrophile-lipophile balance (HLB) are the three main 
parameters that help characterize surfactant activity in solutions. 
Critical IVIicelle Concentration (CMC) 
In water systems surfactants may form themriodynamically stable micelles 
(Rosen, 1989; Sundaram and Islam, 1994) having lipophilic interiors and hydrophilic 
exteriors. Micelles form from surfactant monomers at or above the critical micelle 
concentration (CMC) for a specific surfactant. As the concentration of surfactant is 
increased, a level is reached at which micelles form (Figure 1). This level is referred 
to as the critical micelle concentration (CMC). Above the CMC, a constant monomer 
concentration is maintained in equilibrium with the micelles. Below the CMC, 
surfactant molecules exist solely as monomers (unaggregated surfactant 
molecules). The formation of micelles allows for partitioning of hydrocarbons into 
the hydrophobic micelle interior, thus greatly enhancing the total concentration of a 
compound in solution (Rouse et al., 1994). Further addition of surfactant does not 
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Surfactant molecule 
Hydrophi l ic  head croup 
Hydrocarbon tail 
Monomers 
Micelles 
il'" Water 
t Cfitical Micelle Concentration 
Surfactant Concentration 
Figure 1. Surface tension and micelle formation as a function 
of surfactant concentration in water (from Rosen, 1989) 
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lower the surface tension nor increase the concentration of monomeric surfactant; 
rather the number of micelles increases. As the amount of dissolved surfactants is 
increased, the air / liquid surface tension will decline until a minimum is reached. 
This minimum occurs at the CMC. Also, a sharp change in slope of solution 
transport and equilibrium properties occurs at the CMC (Hunter, 1989). For most 
surfactants, the CMC in water is less than 1% (wt) surfactant. 
Turbidity also increases due to growing micellar aggregates scattering more 
light, and hydrophobic solute solubilization increases inside or on the surfaces of 
micelles, swollen micelles, and microemulsions at the CMC (Hunter, 1989; Rosen, 
1989). The amount of surfactant needed to stabilize comparable amounts of oil and 
water dispersed into small size domains (less than 1000 Angstroms) is at least 2-12 
% depending on amount of added co-surfactant (Currie et a!., 1992). 
Practical surfactant concentrations for remediation depend on the nature of 
micellar structures. Generally, a surfactant with a lower CMC value will be more 
suitable because it can begin to solubilize organic contaminant at lower 
concentrations with less toxicity exposure to soil microbes, and minimize materia! 
costs and the risks of floe formation. 
Even though published CMC data can help to choose surfactant in surfactant-
based remediation work, CMC is not an absolute parameter because it varies in 
response to temperature and amount and nature of dissolved electrolytes (Rosen, 
1989). 
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Surface and interfacial Tension (IFT) 
The accumulation of surfactants at water interfaces results in a reduction of 
the surface and interfacial tension. The sharp change in slope of the surface tension 
curve occurs at the CMC. Above CMC, only small changes in surface tension are 
observed (Rosen, 1989; Rouse et a!., 1994; Yeom et al., 1995). 
Interfacial tension is the energy per unit area of a liquid / liquid interface, and 
defines the work required to increase the interfacial area between two immiscible 
liquids (Ross and Morrison, 1988). Hydrocarbon / water systems have a high 
interfacial energy, ranging from 30 - 50 dynes / cm. 
A surfactant molecule is made up of two functional groups, a hydrophilic head 
and a lipophilic carbon tail. Therefore, the two groups line up between the 
hydrocarbon and water phases with their opposing ends dissolved in the respective 
phases. This arrangement creates a monolayer at the interface, thereby decreasing 
the interfacial tension between hydrocarbon and water. In tertiary petroleum 
recovery, polymers are added after surfactant flushing to improve mobility. This 
process is known as micellar-polymer flooding (Lake, 1989). Low molecular weight 
alcohol cosurfactants are often included in the flushing solution to reduce viscosity 
and enhance the IFT lowering. Therefore, displacement via IFT lowering is 
considered the dominant and preferred mechanism for petroleum production using 
surfactants. In recovery of oil or contaminant, one role of the surfactant is to 
stabilize a high oil/water interfacial region sufficiently to permit recovery of the oil as 
a fluid emulsion, microemulsion, or solution in water. 
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The question of which surfactant may achieve a low or ultra-low IFT between 
water and a given organic fluid does not have a simple answer. Unlike CMC which 
is largely characteristic of surfactant structure, IFT is a property of the system, 
depending on the structure and concentration of all components. There are many 
examples in the EOR (Enhanced Oil Recovery) phase behavior literature showing 
large, sharp changes in IFT minima for small changes in system composition (Reed 
and Healy, 1976; Puerto and Reed, 1983). Most of these studies involved petroleum 
sulfonates (anionic surfactants) with varying amounts of alcohol cosurfactant and 
concentration of brine. This method, however, can not be used in surfactant-based 
on soil and groundwater remediation due to toxicity of the materials and is also 
currently too expensive. 
Hydrophile-Lipophile Balance (HLB) 
A widely used surfactant characteristic for surfactant selection in groundwater 
remediation is the hydrophile-lipophile balance (HLB) scale, which was first 
proposed by Griffin in 1949 (Rosen, 1989). The definition of HLB is the weight ratio 
of hydrophilic and lipophilic of surfactant. For nonionic surfactants, the HLB number 
is calculated from the weight % of ether (EO = OCH2CH2) by the equation: HLB = 
(Wt % E0)/5. For nonionic surfactants without ethoxylated groups, HLB is 
calculated as the weight percent of the hydrophilic head group divided by 5 (Rosen, 
1989; West and Harwell, 1992). This is a empirical equation. A high HLB value 
indicates a large weight percent of polar head group. Therefore, this surfactant will 
favorably partition into the water phase and solubilize hydrophobic contaminants 
(Ang and Abdul, 1991; Edwards et al., 1994 a, b, c). Conversely, a low HLB value 
means a dominant hydrophobic character. However, if the HLB is too high or too 
low for the given substrate, then a stable emulsion will not form because the 
surfactant will concentrate nearly exclusively in the water or hydrophobic phase and 
will not adsorb at the interface between the two phases (Rosen, 1989; West and 
Harwell, 1992). 
HLB values are available in the literature, trade catalogues, and surfactant 
suppliers. The HLB scale thus provides a useful tool for ranking the hydrophilic / 
hydrophobic character of surfactants. Also, two surfactants with different functional 
groups but the same HLB number will show similar characteristics such as 
emulsification properties. Two chemically different surfactants with the same HLB 
will show differences in their range and extent of solubilization and emulsification for 
a particular substrate. A correlation both HLB properties and uses has developed 
with practice and is shown in Table 1 (Rosen, 1989). 
Using the data in Table 1 it is possible to preselect certain surfactant 
characteristics desirable for in-situ flushing process. First, a water-soluble surfactant 
is desired but not one of such low polarity that it would precipitate on the soil or 
partition into the organic contaminant. This requires HLB values of at least 10. This 
criterion immediately eliminates many of the available nonionic surfactant from 
consideration for screening. However, anionic surfactants do not fit in the 1-18 HLB 
scale (Table 1) because the greater hydrophilic character of an ionic head group 
exceeds its low weight percent contribution (Rosen, 1989). For example, a simple 
calculation based on weight percent of polar head group yields values such as HLB 
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equal to 14 for polyoxyethylene (20) sorbitan monostearate (T-Maz 60, 
C18H34O2C6H10O4 (CH2CH20)2). Calculation of HLB was described in Appendix J. 
Generally, the prediction for in-situ flushing applications is that aliphatic 
hydrocarbon contaminants will probably require a surfactant HLB of about 10 
(analogous to paraffinic mineral oil, paraffin wax) and that aromatic hydrocarbon 
contaminants will require a HLB of about 12-15 (analogous to aromatic mineral oil, 
kerosene, petroleum naphtha, benzene, toluene and xylene) (Rosen, 1989; 
Vaughan and Rice, 1990). 
Table 1. HLB properties and uses 
HLB range Appearance of aqueous surfactant solution and use 
1 - 3  N o  d i s p e r s i o n  
4 - 6  P o o r  d i s p e r s i o n  a n d  w a t e r / o i l  e m u l s i f i e r s  
7 - 8  M i l k y  d i s p e r s i o n  
8 - 9  W e t t i n g  a g e n t s  
10-13 oil/water emulsifiers 
13-18 Detergents and solubilizers 
Although the HLB value is useful as a rough guide to surfactant selection, it 
has limitations, it has been proved that a single surfactant can produce either an 
oil/water (oil solubilization in water phase micelles, Winsor Type I) or a water/oil 
(water solubilization in oil phase reverse micelles, Winsor Type II) emulsion 
depending on the temperature, and on the ratio of surfactant to oil (Rosen, 1989; 
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Zhu et al., 1993). Oil/water emulsions can be prepared with certain surfactants over 
the entire range of HLB numbers from 2 to 17. 
These proposed HLB ranges for specific uses are for ambient conditions 
because the effective HLB is a function of temperature, surfactant concentration, 
electrolytes, pH, and composition of oil substrate. All these variables influence 
surfactant interfacial activity. 
Summary of Related Research in Surfactant-Assisted Remediation 
Previous work on surfactant-assisted in-situ soil washing was primarily an 
extension of tertiary oil recovery technology. Most of the previous laboratory studies 
on surfactants have used large volume (up to 19 pore volumes) and low 
concentration surfactant solutions (0.1% to 4%) (Abdul et al., 1990 a,b; Allred and 
Brown, 1994,1996; American Petroleum Institute, 1985; Deitsch and Smith, 1995; 
Ellis et al., 1985; Fountain et al., 1991; Nash and Traver, 1986; Peters et al., 1992; 
Rickabaugh et al., 1986; Vigon and Rubin, 1989). A number of researchers have 
proposed the use of surfactants for in-situ washing because many laboratory studies 
have proven the effectiveness of surfactants in hazardous organic contaminant 
remediation (Allred and Brown, 1994; Ang and Abdul, 1991; Edwards et al., 1994 a, 
b, c; Ellis et al., 1985; Rickabaugh et al., 1986). These studies showed that aqueous 
surfactant solutions significantly enhanced the removal of oils and hydrophobic 
contaminants from sandy soil. 
The use of aqueous surfactant solutions to remove organic contaminants 
from sand has been reported in laboratory column studies (Ang and Abdul, 1991; 
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Fountain et al., 1991, Liu and Roy, 1992; Pennell et al., 1996,1997; Rajput etal., 
1994). Nash and Traver (1986) used 2% nonionic surfactant (Adsee 799) for 
removal of the poly-aromatic hydrocarbon anthracene from sand. Results indicated 
that aqueous surfactant solutions removed more than 90% of contaminants from 
sand in column experiments. Extractive efficiencies for hydrophobic organic 
compounds were seven to ten times greater than those which could be obtained by 
flushing with water alone. Ellis et al. (1985) reported that about 70% of the PCBs 
and 90% of the crude oil were removed by washing with two nonionic surfactants 
(Adsee 799/ Hyonic NP90). Their experiments used both a shaker table test and 
column soil leaching test. These extractive efficiencies for hydrophobic organic 
compounds were eight orders of magnitude greater than those which could be 
obtained by flushing with water alone and represented a significant improvement 
over existing in situ cleanup technology. Hydrophilic compounds such as phenol, 
aniline, and 2,4-dichlorophenol are effectively removed from the soil by washing with 
water alone (Rajput, 1988, 1994). However, the extractive efficiency of a 
water/surfactant solution for 1,2,4-trichloroben2ene was ten times greater than that 
obtained by washing with water alone (Rajput, 1988,1994). Ang and Abdul (1991) 
reported that surfactant flushing could increase the removal of automatic 
transmission fluid (ATF) from soil columns. According to this report, water washed 
only 25.5% of the ATF from the column soil, while 2% surfactant solutions washed 
72.8% of the ATF. 
15 
Hill et al. (1973) suggested the use of an aqueous surfactant for oil recovery 
because of the wide range of surfactants commercially available. They also 
reported that the addition of sodium chloride (0.9% NaCI) to the 3.1% active 
surfactant solution further lowered the interfacial tension between the soil and the 
aqueous solution. American Petroleum Institute (API) (1985) identified surfactants 
that enhanced the removal of gasoline entrapped in the pore framework of packed 
sands. They showed that a combination of commercial nonionic (Hyonic PE-90) and 
anionic (Richonate-YLA) surfactants was effective in displacing gasoline from sand 
column; residual gasoline removal from the sand was 40% after initial flooding using 
the surfactant combination. American Petroleum Institute (1985) also conducted a 
study on surfactant-enhanced gasoline recovery In a laboratory model. They used a 
mixture of 2% each of a non-ionic and an anionic surfactant (Hyonic PE90 / 
Richonate YLA). The result of washing was 80% removal of the contaminant in 
laboratory column test. They showed that the forces retaining gasoline in the 
unsaturated zone were directly related to the interfacial tensions between water and 
gasoline and between water and air. 
Rickabaugh et al. (1986) used a 2% mixture of non-ionic and cationic 
surfactants (Triton / Emcol). About 60% of chlorinated hydrocarbons were removed 
by washing with those surfactants. Ellis et al. (1985) reported that about 70% of the 
PCBs and 90% of the crude oil were removed by washing with two non-ionic 
surfactants (Adsee 799 / Hyonic NP 90). Their experiments used both a shaker 
table test and column soil leaching test. Extractive efficiencies for hydrophobic 
organic compounds were orders of magnitude greater than those which could be 
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obtained by flushing with water alone and represented a significant improvement 
over existing in situ cleanup technology (Ellis et al., 1985). They noted that reuse of 
the surfactant is essential for cost-effective application of the technique. 
Fountain (1992) and Nash and Traver (1986) used surfactant solutions to 
remove petroleum contaminants in field studies. Results indicated that aqueous 
surfactant solutions removed more than 90% of contaminants from soils in batch 
experiments and 85% in column experiments. Nash (1988) showed that surfactant 
solutions can decrease percolation rates. Nash commented that the extremely high 
concentrations of oil and grease which were present may have caused the observed 
clogging of the field test holes and thus restricted flow of the surfactant solution 
through the contaminated regions. Field testing showed ineffective removal of 
contaminants where low hydraulic conductivity beds are present in the aquifer (Sorel 
et a!., 1998). Ang and Abdul (1991) reported that about 80% of polychlorinated 
biphenyls (PCBs) can be washed from sandy soils in laboratory and field 
experiments. They used an alcohol ethoxylate surfactant. Hanwell (1992) reported 
that a lOmg/L NaCI preflush enhanced the effectiveness of an anionic surfactant in 
mobilizing nonsoluble residual hydrocarbons. 
Surfactant-Based Remediation Mechanisms 
Surfactants can be used to enhance the extractive power of water because 
they can significantly increase the aqueous solubility of the contaminants. Three 
mechanisms are involved in remediation: displacement, dispersion, and enhanced 
solubilization (Rixey et al., 1991). In the case of water, displacement of 
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contaminants by surfactant solutions was found to be the main washing mechanism 
(Rosen, 1989). Surfactants also, under certain circumstances, enhance the 
formation of emulsions between two immiscible liquids. Emulsions are suspensions 
of fine droplets of one liquid in another. Although surfactants often act as 
emulsifiers, not all emulsifiers are surfactants. 
Solubilization and microemulsification both require that the surfactant 
concentration must be above its CMC. The amount of solubilization is a function of 
actual surfactant concentration. The stability and fluid properties of produced 
macroemulsions depend on the HLB and are enhanced when the HLB is optimum. 
Formation of microemulsions requires ultra-low IFT's, below 0.01 dyne/cm, and high 
surfactant and /or cosurfactant concentrations. 
Solubilization and emulsification are both examples of a microscopic 
detachment mechanism: the contaminant is taken up from the surface of a soil 
particle by molecular level interactions with the flushing solution. In contrast, liquid / 
liquid IFT-lowering leading to droplet mobilization is a bulk displacement mechanism. 
The organic droplet is physically pushed through the formation when the capillary 
forces are reduced sufficiently. 
Solubilization 
Solubilization is a phenomenon associated with the formation of micelles. 
Solubilization is defined here as the mechanism of dissolving in a micellar solution. 
The following discussion will deal only with an aqueous medium, in which micelles 
are suspended. The hydrophobic core of the micelle, the polar surface of the 
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micelle, and palisade layer are three locations within a micelle where contaminants 
may be solubilized. The location of a solubilized molecule in a micelle will be 
detemnined by the chemical structure of the contaminant and the charge on the 
surfactant head group (Ang and Abdul, 1991; Chevalier, 1997; Currie et al., 1992). 
The solubilization capacity of micelles for a given solute will depend on the 
solubilization location in the micelle. Dunn et al. (1985) reported that the location or 
combination of locations within the micelle at which a particular contaminant will be 
solubilized depends primarily on the water solubility of the contaminant molecules. 
For instance, non-polar highly water insoluble alkane molecules will be concentrated 
in the micelle core, and alcohols are associated with the palisades layer and micelle 
core. Generally, the solubilization capacity on a molar basis increases as the 
surfactant hydrocarbon chain length increases. An increase in micelle size will 
increase the solubilizing power of the system, but excess micelle size may lead to 
pore clogging and restriction of flow through soils. 
Mobilization by IMiddle Phase IMicroemulsion 
The low interfacial tensions associated with middle phase microemulsions 
can allow mobilization of the hydrophobic organic substances (Ducreux et al., 1990; 
Pennell et al., 1994). Interest in utilizing middle phase microemulsion for 
groundwater remediation has increased in recent years (Baran et al., 1994 a, b; 
Martel et al., 1993,1996 a, b; Pennell et al., 1994; Shiau et al., 1994 a, b). A middle 
phase microemulsion is defined as the translucent liquid phase located between 
water and NAPL phases. 
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The difference between microemulsion and macroemulsion (or emulsion) is 
that a microemulsion is thermodynamically stable, and a macroemulsion is a 
thermodynamically unstable system which will ultimately separate into oil and water 
phases. Microemulsions are dispersions containing two immiscible liquids with 
particles of 10-100 nm (0.01-0.1 urn) diameter that are generally obtained upon 
mixing the ingredients gently. Microemulsions generally occur as transparent or 
translucent mixtures of oil, water, and surfactant. Microemulsions may form 
spontaneously upon contact between components simultaneously with the 
development of low interfacial tensions. Microemulsions are generally prepared 
using two or more surfactants or with a mixture of a surfactant and a cosurfactant 
(e.g., a polar compound of intermediate chain length alcohol, C4 or above, such as 
n-pentanol). Long-chain polar compounds are generally not desirable as 
cosurfactants since they tend to form liquid-crystalline structures that may increase 
the viscosity of the system and the rigidity of the interface. 
Figure 2 shows a phase diagram as a function of changing HLB, salinity, 
hardness, temperature. A surfactant phase diagram indicates the range of 
surfactant phases that can be achieved by varying the surfactant system. 
In the Winsor Type I system (oil solubilization in water phase micelles), the 
surfactant is water soluble and occurs in the form of oil-swollen micelles in the 
aqueous phase. In the Winsor Type II system (water solubilization in oil phase 
reverse micelles), the surfactant is oil soluble and virtually all the surfactant is found 
in the form of water-swollen reverse micelles in the oil phase. The Winsor Type III 
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system (middle phase microemulsion) is said to be balanced, with the surfactant 
having nearly equal affinity for both the water and oil phases. Generally, interfacial 
tension is reduced when the middle phase is formed (Shiau et al., 1994,1995). 
Characteristics of Middle Phase Microemulsion 
Bourrell and Chambu (1983) discuss factors affecting the realization of middle 
phase systems. If the surfactant is too water soluble (high HLB) it will partition into 
the water phase, and obtaining a middle phase microemulsion would require altering 
the surfactant system to promote location of the surfactant at the oil-water interface. 
This can be accomplished by decreasing the water solubility of the surfactant (via 
altering the temperature, salinity, hardness, etc. of the system), increasing the oil 
solubility of the surfactant (e.g., via use of cosurfactants), altering the surfactant 
choice (HLB), etc. Balancing the surfactant system using salinity is the common 
approach utilized in surfactant-enhanced petroleum recovery using microemulsions 
(Bourrel and Chambu, 1983; Shah, 1979). However, Shiau et al. (1994 b), and West 
and Harwell (1992) reported that "such an approach is not suitable for subsurface 
remediation due to the high dosage of NaCI that is required". Alcohol has also been 
used to promote microemulsification (Friberg and Kayali, 1991). The most 
fundamental role of alcohol is probably its ability to destroy liquid crystals which 
reduce the formation of microemulsions. However, the traditional cosurfactants (or 
cosolvent) (middle chain length alcohols, C4 or above) are not suitable for 
surfactant-aided remediation due to their toxicity (Friberg and Kayali, 1991; Shiau et 
al., 1994 b; West and Harwell, 1992). Friberg and Kayali (1991) suggested the use 
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of hydrotropes (surfactant-like molecules that do not form micelles) for achieving a 
middle phase microemulsion. A large number of hydrotropes are allowed in food 
products. A middle phase microemulsion was observed using surfactant and 
cosurfactant (hydrotrope) systems (Bourrel and Chambu, 1983; Shiau et al., 1994 
a,b, 1995; Sunwoo and Wade, 1992). The phase transition was achieved by 
maintaining a constant AOT (Aerosol OT, bis-2-diethylhexyl sodium sulfosuccinate, 
anionic surfactant) concentration and varying the SMDNS (sodium mono and 
dimethyl naphthalene sulfonate, cosurfactant) concentration depending on the HLB 
balance of the system (Figure 2). Increasing the SMDNS concentration enhances 
the surfactant balance (increases the affinity of the AOT for the interface between oil 
and water) and results in a middle phase system. 
Shiau et al. (1994 b) showed that solubility enhancement of surfactant in the 
middle phase microemulsion is at least one to two orders of magnitude higher than 
that for the same surfactant concentration without middle phase microemulsification. 
Pennell et al. (1994) used a polyoxyethylene (POE = 20) sorbitan monooleate and a 
mixture of sodium sulfosuccinates for solubilization and mobilization of PCE, 
respectively. They observed 90% to 97% PCE recovery via solubilization after 
injection of 15 pore volumes of 4% surfactant solution from Ottawa sand. They 
realized greater than 99% recovery of residual PCE via mobilization with < 2 pore 
volumes surfactant injection. They observed that ultralow interfacial tensions (< 
0.001 dyne/cm) were not required to achieve significant PCE mobilization when 
buoyancy forces are important (i.e., for chlorinated solvents). Pennell et al. (1994) 
demonstrated that ultra-low interfacial tensions (<0.001 dyne/cm) commonly 
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employed in enhanced oil recovery are not required to mobilize significant quantities 
of residual PCE. Shiau et al. (1994 b, 1995) reported that "Mobilization in middle 
phase microemulsion is an especially important potential tool in groundwater 
remediation and has been shown to be a far more efficient method than micellar 
solubilization for removing entrapped NAPLs from soil columns". This method, 
however, can be risky in the field because utilization of this approach could lead to 
uncontrolled migration of the mobilized NAPL phase (Pennell et al., 1996). This is of 
particular concern in the case of DNAPLs, which would tend to migrate downward 
through an aquifer formation due to gravitational forces (Pennell et al., 1994; 1996). 
Environmental Conditions Relevant to Surfactant Selection 
The choice of surfactants for in situ washing techniques is still in the 
development stage because there are a number of factors involved in surfactant 
behavior that potentially reduce a surfactant's ability to remove a contaminant. 
These factors include precipitation, phase changes, and adsorption to soil particles. 
Ionic surfactants have a problem of losses by precipitation. The mixture of an 
anionic and a nonionic surfactant can sometimes reduce precipitate formation 
(Fountain et al, 1991; Peters et al, 1992; Rosen, 1989). Surfactant solutions may 
undergo a phase change at high concentration, so that the system will no longer be 
isotropic. For example, ionic or nonionic surfactants may form liquid crystals which 
may clog pores at high concentration. 
When selecting a surfactant for groundwater remediation, one must also 
consider the environmental conditions of contaminated aquifer. There are physical 
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and chennical conditions tliat need to be considered for surfactant-based 
remediation. Temperature, pH, clay contents, and hydraulic conductivity (K, cm/sec) 
are important factors in surfactant-based on remediation. 
Temperatures are generally low and at depths of 30-60ft correspond to the 
mean annual air temperature ranging from 3-25°C in the U.S. Soil and groundwater 
temperature fluctuation is less than that at the ground surface (Martel and Gelinas, 
1996 a, b). Therefore, surfactants with good low temperature solubility are best. 
The pH of subsurface water-sediment systems depends on the nature of the 
recharge water and geochemistry of the aquifer, and is commonly between 6-8. 
Most surfactants are chemically stable in this range. Near the higher end of the pH 
range (9-14) some of anionic sulphates and nonionic acid esters can begin to 
hydrolyze and lose activity (Rosen, 1989). In a natural soil environment of pH 6-8, 
clay surfaces are predominately negatively charged. Therefore, anionic surfactants 
would adsorb least to clay minerals, due to charge-charge repulsion (Abuin and 
Lissa, 1983). Nonionics adsorb to a silica surface by hydrogen bonding, the extent 
of which decreases with increasing pH (Attwood and Florence, 1983), so that 
nonionic surfactants will be expected to be more effective in sandy high pH soils. 
Clays typically are layered aluminosilicates often containing isomorphic 
substitutions. Colloidal clay platelets possessing negative faces and positive edges 
will adsorb both anionic and cationic surfactants due to the combination of charge 
attraction, but large negative basal surface areas will most favor cationic surfactant 
adsorption. The release of Ca'^'*' and Mg'*"^ from soil minerals into solution could also 
cause anionic surfactant precipitation (Attwood and Florence, 1983). Also, 
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surfactants may alter the natural solubility equilibria for clays by ion exchange and 
complexation mechanisms (Bistline and Linfield, 1984). Of the four surfactant types, 
nonionics should be the most compatible with clay minerals, and anionics are 
tolerant of their aqueous geochemistry (Rosen, 1989). Anionic surfactants probably 
will be next in clay compatibility. 
A final consideration in surfactant-based remediation is the hydraulic 
conductivity (K, cm/sec) at the proposed remedial site. The presence of abundant 
clays which reduce permeability is a contraindiction for attempting a surfactant flood. 
Generally, medium to high hydraulic conductivity soils is most suitable for surfactant-
assisted remediation as with any type of pump/treat method. Table 2 lists ranges 
and ratings for hydraulic conductivity and intrinsic permeability in various soil types 
(Todd, 1980). 
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Table 2. Hydraulic conductivity values and ranking 
Range K (cm/sec) k (Darcies) Soils 
Very high >1 10^ Clean gravel 
High 10'^-1 10^-10^ Gravel, clean coarse 
sand 
Medium 10'^ -10'^ 1-10^ Graded sand, fine sand 
Low 10'® - 10'^ 10'^ - 1 silty sand, silt 
Very low 10'^ - 10'® 10"^ -10"^ Dense silt, clayey silt 
Practically <10'^ <10"^ clay, silty clay 
impermeable 
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ANALYTICAL PROCEDURES AND METHODS 
My analyses of model hydrophobic organic substances (toluene or 1,2,4-
trichiorobenzene) in aqueous leachate samples used solvent extraction (separatory 
funnel method 3510) and gas chromatography (GO) (Shiau et al., 1994 b; Standard 
Methods for the Examination of Water and Wastewater, 1991; Test Methods for 
Evaluating Solid Waste, SW-846, 1982). Prior to the analysis of sample extracts, 
response factor and linearity range for target organic was demonstrated (Lee, 1997). 
The quantitative determination of model hydrophobic organic by GO was 
based on internal standard reference compounds by comparing the sample peak 
areas with those of a standard (Gibson et al., 1986; llias and Jaeger, 1991). The 
limitations of this method for identifying and quantifying volatile organic compounds 
present in aqueous leachate samples are the possibilities of component loss, high 
cost, and long preparation time (Cusack and Glatz, 1996; Strobel and Heineman, 
1989). 
Solvent Extraction 
Toluene or 1,2,4-trichlorobenzene in aqueous leachate samples were 
extracted with hexane using standard separatory funnel method 3510 (Test Methods 
for Evaluating Solid Waste, SW-846, 1982). 
200 ml or 250 ml portions of leachate samples including 4 percent aqueous 
surfactant solution, organic contaminant (toluene or 1,2,4-trichlorobenzene) were 
placed in funnel, and 150 ml hexane, (CH3(CH2)4CH3), was added at intervals of 1 
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hour, followed by gently shaking by hand for 3 minutes. The shaking was gently 
conducted so that it did not strongly disrupt the water-hexane interface. Hexane and 
toluene (or 1,2,4-trichloroben2ene) were collected from the separatory funnel. This 
processing was conducted 3 times for each sample. In order to completely remove 
water from the hexane and toluene (or 1,2,4-trichlorobenzene), the solution was then 
passed through a drying agent, Na2S04. If surfactants reacted with hexane to 
produce a miscible emulsion, 10% liquid NaOH was added to the mixture to reduce 
the formation of extremely persistent water-hexane emulsions. 
Gas Chromatography (GC) 
Gas chromatographic analysis on all the extracts of aqueous leachate samples 
were performed using a Hewlett Packard model 5890 series II gas chromatography 
with split/splitless injection system. The system was temperature programmable and 
has a Flame Ionization Detector (FID). A gas chromatography (GC) (Varian Associ.; 
model 3300) combined with a purge and trap sampler (Tekmar; Cincinnati, OH) and 
a conductivity detector (Tracor instrument, model 1000) were used for trace 
concentrations (< 10mg/L). Samples were purged over the headspace of the 
surfactant solution to prevent foaming problems in GC analysis. Retention times 
and response factors for each standard run were recorded. Remedial action was 
taken if the response factors varied more than two standard deviations or retention 
times varied ±15 seconds. Determination of response factor, linearity range and 
concentrations was described in Appendix F. 
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Gas Chromatography Calibration and Calculations 
Prior to the analysis of sample extracts, the response factor and linearity of 
detection for the internal standard and model hydrophobic organic substance were 
demonstrated. Retention times and response factors were recorded. After having 
calculated the response factor, a calibration graph was prepared (Lee, 1997). A 
calibration curve was prepared by using solutions containing known concentrations 
of toluene or 1,2,4-trichloroben2ene. A sample calculation example was described 
in Appendix G. All sample extracts were analyzed within this calibration curve 
range. If an extract was too concentrated or dilute, it was adjusted to a 
concentration within the linear detector response range. 
During analyses of a sample, the sample volume was determined and a 
known amount of internal standard was added to the sample. In order to minimize 
the effects of the GO and related hardware performance on results, the GO was 
calibrated and new response factors generated after approximately 15-20 injections. 
To check the accuracy of the GO, several standard curves were prepared during the 
analysis (Figure 3, and Figure 4). 
Internal Standards 
The main criteria for selecting an internal standard are similar water solubility, 
chromatographic similarity, and a similar structure as the model contaminants 
(Rajput, 1988; Supleco Report, 1996). The compounds selected as internal 
standards were 1,2-dichlorobenzene for 1,2,4-trichlorobenzene and ethyl benzene 
for toluene (Lee, 1997). 
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Gas Chromatography Run Conditions 
Conditions for gas chromatographic analyses are shown in Table 3. 
Table 3. Run program for gas chromatographic analysis 
Conditions Toluene 1,2,4-TCB 
Initial Temperature 40°C 50°C 
Initial Time 3 min 3 min 
Rate 5°/min 8°/min 
Final Temperature 60°C 210°C 
Final Time 3 min 2 min 
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PART I. REMOVAL OF HYDROPHOBIC ORGANIC 
COMPOUNDS IN SUBSURFACE IOWA SOIL 
USING FOOD GRADE SURFACTANTS 
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INTRODUCTION 
The contamination by organic compounds in soil and groundwater is rapidly 
increasing in many countries. Therefore, removal of organic substances from soil 
and groundwater is increasingly important. Generally, organic compounds can be 
classified on the logarithm of their octanol / water partition coefficient (log kow) as 
follows: 1) hydrophobic (water hating) log kow > 3.00, 2) slightly hydrophilic 1.00 < log 
kow <3.00, and 3) hydrophilic log kow< 1-00 (Adeel and Luthy, 1995). Many 
hydrophobic substances are observed in soils because hydrophilic contaminants 
tend to be washed from soil by infiltrating rainwater. Hydrophobic organic 
compounds (HOCs) are immiscible in water, may be sorbed to soil particles, and 
also may be present as discrete phases in the subsurface (Augustijn et al., 1994; 
Edwards et al., 1991; Gandhi et al., 1995; Kimball, 1992; Nyer and Morello, 1993; 
Rajput et al., 1994; Sabatini and Knox, 1992). These organic compounds frequently 
enter the subsurface as a separate organic phase or non-aqueous phase liquids 
(NAPL). Because of their low water solubility, much of the NAPLs in the subsurface 
exist as pools and isolated ganglia. 
The traditional remediation method, water pump-and-treat, is ineffective for 
remediating soil and groundwater contaminated with hydrophobic organic 
substances because of their low aqueous solubility (Deitsch and Smith, 1995; 
Mackay and Cherry, 1989; Okuda et al., 1996). Surfactants (surface active agents) 
may aid in remediation (Abdul et al., 1992; Edwards et al., 1994 a, c; Fountain et al., 
1991). However, surfactant-assisted remediation still has some problems such as 
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obtaining regulatory approval due to surfactant toxicity, and the requirement for large 
volumes of surfactant solutions. 
The hypotheses for this study are as follows: 
1) Food grade surfactants, which should present no regulatory problems when 
injected into the subsurface, can effectively solubilize hydrophobic organic 
compounds and remove them from soil. 
2) Mixed food grade surfactants (anionic / nonionic) can most effectively remove 
hydrophobic contaminants as a result of synergism between the two types of 
surfactants. 
3) Surfactants with twin head groups are more effective than single head group 
surfactants at the same concentration. 
4) Specific microemulsions also effectively remove hydrophobic organic substances 
from soil. 
The study objectives are: 1) to evaluate and quantify NAPL (toluene, and 
1,2,4-trichlorobenzene) removal efficiency using food grade surfactants, 2) to 
compare the solubilization/mobilization efficiency of food grade surfactants with 
surfactants previously investigated (Lee, 1997). 
Synergism 
Mixed surfactants (anionic / nonionic) usually show beneficial synergistic 
properties in laboratory experiments; that is, mixtures of dissimilar surfactants can 
have superior remediation properties compared to those of the individual surfactant 
components (Lee, 1997; Rosen, 1989; Scamehorn, 1986). Micelles in aqueous 
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mixtures of anionic/nonionic surfactants can be larger and more stable than that in 
solutions of the individual component surfactants, a phenomenon that is explained 
by nonideal solution theory (Hanvell, 1992). Mixtures of an anionic and a nonionic 
surfactant can also reduce precipitation that may occur with ionic surfactants alone 
(Fountain etal., 1991; Peters etal., 1992; Rosen, 1989). 
In a previous study (Lee, 1997), I observed that the effectiveness in leaching 
toluene from sand of a mixture of an anionic and a nonionic surfactant was 35 % 
greater than that for either component surfactant alone. This result is comparable to 
other laboratory studies where similar increases of removal efficiency for different 
contaminants were observed for surfactant mixtures (API, 1985; Ellis et al., 1985; 
Rickabaugh et al., 1986). At the present time, mixtures containing only two 
surfactants (anionic / nonionic) have been investigated, although three or more 
surfactants might show even larger synergistic properties. 
Double Head Surfactants 
A major concern relative to the effectiveness of a surfactant-enhanced 
remediation project is surfactant losses. Significant losses will not only drastically 
decrease the anticipated activity and thus the efficiency of the surfactant solution but 
also increase the cost of the remediation project, thus potentially rendering the 
project economically unfeasible. Twin head group ionic surfactants seem to be less 
susceptible than single head group surfactants to precipitation losses due to 
increased their solubility and steric constraints (Rouse et al., 1993). For example, 
disulfonates were significantly less susceptible to precipitation and sorption than 
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monosulfonates, and also less prone to sorption than nonionic surfactants (Rouse et 
al., 1993). A twin head group anionic surfactant diphenyl oxide disulfonate (Dowfax 
8390) is effective for the removal of hydrophobic organic substances (Lipe et al., 
1996). Disulfonate surfactants are strong candidates for use in surfactant-enhanced 
groundwater remediation (Rouse et al., 1993; Lipe et al., 1996). The chemical 
structure of the straight-chain diphenyl oxide disulfonates series is shown in Figure 5 
(Rouse et al., 1993). The line between SO3 and the benzene ring centers indicates 
that the location of SO3 attachment to the ring is variable. 
SO, so, 
Na 
CnH2n+1 Ci2H70(S03Na)2 
Figure 5. Straight-chain diphenyl oxide disulfonates 
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MATERIALS AND METHODS 
Choice of Contaminant 
In this study two different model contaminants were used: toluene and 1,2,4-
trichlorobenzene. Toluene was selected as the LNAPL model substance because 
benzene, toluene, ethylbenzene, and xylene (BTEX) are probably the most common 
LNAPL contaminants in soil and groundwater, and it is representative of non-
chlorinated solvents. 1,2,4-trichlorobenzene was employed as a DNAPL model 
substance representative of aromatic chlorinated solvents, and is commonly 
reported as a groundwater contaminant (Hunt and Sitar, 1988; Jafvert and Heath, 
1991). Both are often detected in contaminated soils and underlying groundwater, 
and are major industrial organic wastes. They are not effectively removed by water 
pump-and-treat cleanup technology because of their hydrophobic nature. Toluene 
and 1,2,4-trichlorobenzene are completely soluble in organic solvents such as 
hexane so that they can be easily extracted for analysis. Toluene (reagent grade) 
was obtained from Fisher Scientific. 1,2,4-trichlorobenzene (spectrophotometric 
grade) was obtained from Aldrich Chemical. Characteristics of these two organic 
compounds are shown in Table 4 (Hunt and Sitar, 1988; Pennell et al., 1994; The 
Merck Index, 1983). 
Surfactants 
Suitable surfactants for environmental remediation must decrease the surface 
tension of the water and have low volatility. Also, they must efficiently solubilize or 
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Table 4. Characteristics of toluene and 1,2,4-trichlorobenzene 
Name Toluene 1,2,4-Trichlorobenzene 
Formula CEHSCHA C6H3CI3 
Molecular Weight 
M (g/mol) 
92.1 181.4 
Liquid Density (g/cm^) 0.87 1.454 
Melting Point (°C) -93 16 
Boiling Point (°C) 110 214 
Aqueous Solubility® (mg/L) 510 48.8 
Log Kow 2.69* 4.02* 
Liquid-Air Interfacial 
Tension (dyne/cm) 
29 25 
Liquid-Water Interfacial 
Tension (dyne/cm) 
36 45 
Total Gas Density (kg/m^) 1.27 1.87 
Vapor Pressure 
(mmHg) 
36.7 (30°C)* 0.29 (30°C)* 
Viscosity (cP) 0.59 0.83 
® = 20°C-25°C, Atmospheric Pressure 
Kow = Octanol-water partition coefficient 
* = from EPA Technical Fact Sheets, 1998 
Data come from manufacturers. 
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mobilize NAPLs (Aronstein at al., 1991, 1992). Unsuitable surfactants may cause 
soil pore clogging because they can precipitate with soil components, hydrolyze to 
form floes, combine to form micelles, and/or disperse soil colloids (Rosen, 1989; 
Rajput et al., 1994). The food grade surfactants used were anionic (Dowfax 8390, 
Tween 61, SDS), nonionic (T-Maz 60), and 1:1 volume mixture of anionic (Dowfax 
8390) and nonionic (T-Maz 60). The 1:1 volume mixture of anionic (Dowfax 8390) 
and nonionic (T-Maz 60) was chosen to investigate the synergism effects of food 
grade surfactants based on shaker table / centrifugation experiments in Ottawa 
sand. Dowfax 8390 is a U.S. FDA food additive surfactant and is rapidly 
biodegradable (Chen and Knox, 1997). T-MAZ 60 (sorbitan monostearate) 
surfactant is used for food formulations and household products. T-Maz 60 is a 
combination of fatty acids and sugars. This surfactant is also U.S. FDA food additive 
and has shown minimum surfactant losses in remediation research (Shiau et al., 
1995). Tween 61 is a food grade surfactant and is easily biodegradable (ICI 
Americas Manual, 1997). SDS (Sodium Dodecyl Sulfate) surfactant is an FDA food 
grade surfactant and was also used for making microemulsifiers (Ouyang et al., 
1996). These surfactants were obtained from their manufacturers (Table 5). 
Properties of these surfactants are shown in Table 5. These data were supplied by 
manufacturers. 
Table 5. The characteristics of used surfactants 
Trade 
Name 
Chemical Name Molecular 
Weight 
HLB® CMC 
(mM)" 
Molecular Formula Type Company 
Dowfax Diphenyl Oxide 642 N/A 0.5 Cl6H33Ct2H70(S03Na)2 Anionic Dowfax 
8390 Disulfonates 
T-Maz 60 POE'' (20) Sorbitan 1310 14 0.023 CI8H3402C6HIO04(CH2CH20)2 Nonionic PPG/Mazer 
Monostearate Chemicals 
SDS Sodium 288 40 8 CH3(CH2)iiS04Na Anionic Fisher 
Dodecylsulfate Scientific 
Tween 61 POE (4) Sorbitan N/A 9.6 0.03 N/A Anionic ICI 
Monostearate Americas 
Continue table 5. 
Trade Chemical Name Molecular HLB^ CMC Molecular Formula Type Company 
Name Weight (mM)" 
Sandopan Trideceth-19- N/A 14 0.6 Mixture in sulfuric acid Anionic Sandoz 
JA36 carboxylic acid Chemicals 
Triton Octylphenoxypoly- 624 13 N/A C33H60O10 Nonionic Union 
X100 ethoxyethanol (Average) Carbide 
Pluronic Polyoxypropylene- N/A 14.5 N/A H0(CH2CH20)a(CH(CH3)CH2 Nonionic BASF 
L44 polyoxyethylene 
block copolymer 
0)b(CH2CH20)cH 
Where average value for a. b, 
carea=12, b=34, c=12 
Data come from manufacturers and Lipe et al. (1996) 
a = Hydrophile-lipophile balance 
b = Critical micelle concentration 
N/A = Not Available 
POE = Polyoxyethylene 
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Soil Materials 
The model soil used in this study required high permeability, low cation 
exchange capacity, and low total organic carbon content. Ottawa sand and one 
Iowa soil (Fruitfield sand) proved satisfactory for the study. Ottawa sand, a 
nonporous silica sand, was used as substrate for the shaker / centrifugation 
experiments. The 20-30 mesh and 40-270 mesh size fractions were obtained from 
Fisher Scientific and U.S. Silica (F-95), respectively. Prior to use, the Ottawa sand 
(20-30 mesh) was rinsed with 0.1 N HCI and deionized water. The Iowa soils were 
obtained from Dr. Ukrainczyk of the Department of Agronomy (Gonzalez and 
Ukrainczyk, 1996). The soils were air-dried and passed through a 2-mm sieve prior 
to use. Their properties are showed In Table 6 (Gonzalez and Ukrainczyk, 1996). 
Iowa soils have low organic contents. According to the classification of texture 
triangle (USDA), the soils used are sand (Fruitfield) and clay loam (Webster). 
Webster clay loam was used for only the Part II study. 
Contamination Procedure of Fruitfield Soil (or Ottawa Sand) 
Contamination of soil was achieved by dissolving 5 mL of the target organic 
(4335 mg toluene or 7270 mg 1,2,4-trichlorobenzene) in approximately 20 mL of 
hexane, and slowly adding the mixture to 100 g of the soil. After mixing by shaker 
table for 10 minutes at 1000 rpm the wet soil mixture was then placed in a hood at 
30°C, and the hexane and toluene (or 1,2,4-trichlorobenzene) was allowed to 
evaporate for 10 minutes. The mixture was agitated several times during this 
process (Gannon et al., 1988,1989; Liu and Roy, 1992; Lee, 1997). 
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Table 6. Characteristics of the Soils Used in This Study 
Soil Series (Based on USDA Soil Survey 
Maps) 
Fruitfield Webster 
Subgroup 
Depth (cm) 
Soil Texture (USDA) 
Sand (%) (0.05 - 2mm) 
Silt (%) (0.002 - 0.05mm) 
Clay (%) (< 0.002mm) 
Organic C Content (%) 
PH 
Cation Exchange Capacity 
(cmol/kg) 
Surface Area (m^/g) 
Moisture Content (%) 
Clay Mineralogy 
Dominant 
Other 
Entic Hapludoll Typic Haplaquoll 
7-13 24-32 
Sand Clay Loam 
86.3 22.9 
10 43 
3.7 34.1 
0.20 0.61 
6.2 8.2 
4.4 22.9 
15 
1.3 
Kaolinite 
Mica 
81.4 
Not Done 
Smectite 
Mica 
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Shaker Table Agitation and Centrifugation Experiments 
These experiments were conducted to select which food grade surfactants 
could best solubilize/extract organic compounds (toluene or 1,2,4-trichlorobenzene) 
from the Ottawa sand or Fruitfield soil. These experiments were conducted by 
reacting a constant mass of contaminated soil with a constant volume of aqueous 
surfactant at identical concentrations for all experiments. 
One hundred grams of the Fruitfield soil (or Ottawa sand) previously 
contaminated with 5mL toluene (or 1,2,4-trichlorobenzene) and 250mL of 4%(v/v) 
aqueous surfactant solutions were placed in 500mL Telflon screw cap jars. The 
contaminated soil and aqueous surfactant solution were mixed on a shaker table at 
200 rpm for 120 minutes. The jar was then centrifuged at 2000 rpm for 12 minutes 
to separate the aqueous and soil phases. The liquid was decanted, and 250mL 
deionized water was added to the soil, and again shaken for 120 minutes (Beikirch, 
1991; Lee, 1997; Middleton, 1991; Rajput etal., 1994). The process was repeated 
until one surfactant wash and two deionized water rinses were completed. 
Leachates were collected after each step and analyzed for contaminant 
concentration. Used surfactants were Dowfax 8390, T-Maz 60, SDS, Tween 61 with 
Ottawa sand, and Dowfax 8390 and a mixture (1 ;1 volume mixture) of Dowfax 8390 
and T-Maz 60 were used with Fruitfield soil. These surfactants were pre-selected 
based on recommendation by their manufacturers (Table 5). The removal efficiency 
of deionized water alone for toluene and 1,2,4-trichlorobenzene was also determined 
with Fruitfield soil. Duplicates were evaluated for each experiment. These tests 
were conducted at room temperature. 
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Batch Desorption Tests 
Batch desorption tests were performed to establish the potential of in-situ soil 
washing using selected-food grade surfactants to remove toluene or 1,2,4-
trichlorobenzene(TCB). Batch desorption tests were performed in flasks containing 
lOOmL of 4%(v/v) aqueous food grade surfactant solution and different amounts (1g, 
3g, 5g) of contaminated Fruitfield soil (Liu and Roy, 1992). Contamination 
procedures of Fruitfield soil were the same as those of shaker/centrifugation 
experiments except different concentrations of the model contaminants were used. 
To allow for adsorption of contaminant to the soil particles contaminated soil 
samples were located in sample box for 36h. Initial concentration of toluene or 
1,2,4-TCB in this test was 100mg toluene/kg soil or 200mg 1,2,4-TCB/kg soil, 
respectively. That is, the concentration of toluene (or 1,2,4-trichlorobenzene) in 
contaminated soil in the lOOmL of solution 1g, 3g, 5g was about llpmoles, 
33pmoles, 55pmoles, respectively. The initial contaminant concentration was 
determined by extracting toluene (or 1,2,4-trichlorobenzene) with methylene chloride 
in a soxhiet extractor (Appendix E). The flasks were shaken on a shaker table at 
200 rpm. Toluene (or 1,2,4-trichlorobenzene) concentrations in solution were 
measured at 5 min, 10 min, 30 min and 60 min and then in 120 min intervals until 
660 min was reached. Surfactants were Dowfax 8390 anionic surfactant and a 
mixture (1:1 volume mixture) of Dowfax 8390 and T-Maz 60. These surfactants 
were selected based on the shaker table agitation and centrifugation experiments. 
Samples were taken from duplicate experiments. 
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Sequential Column Leaching Test by Surfactant Solutions 
Column experiments were carried out to examine the effect of surfactants in 
leaching toluene or 1,2,4-trichlorobenzene from Fruitfield soil. The glass column 
used in this study was 5cm (O.D.) in diameter and 30cm in height (Figure 6). This 
column was obtained from Supeico Company. Experimental methods and 
procedures were similar to those performed in prior research (Lee, 1997). 
Glass wool and glass beads were placed at the column's base, and 350g of 
Fruitfield soil was placed over the beads. Measured physical properties of used soil 
column are shown in Table 7. Compaction of the dry soil in 0.5 cm layers was 
standardized by tapping the side of the column 25 times; this degree of compaction 
minimizes preferential liquid channeling (Martel and Gelinas, 1996a). After a column 
was packed, deionized water was pumped at a rate of 3mL/min into the column for 
three hours to saturate the soil (Figure 6). The contaminant (5mL of toluene or 
1,2,4-trichlorobenzene) was then injected by syringe (25cm length) into the middle of 
the column. This method of contamination is probably closely analogous to field 
contamination in which a mass of contaminate leaches into the subsurface from a 
localized contaminant source such as leaking underground storage thank. Then 
4%(v/v) surfactant solutions or deionized water was pumped (model QC20, Fluid 
Metering, Inc.) to the column's top at a rate of 5mL/min. The effluent was collected 
at each 250mL interval. 
The contaminant concentration of the soils after leaching was determined by 
soxhiet extracting toluene (or 1,2,4-trichlorobenzene), with methylene chloride from 
5g of soil. This analysis was used to determine the errors involved, since the total 
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contaminant should be equal to the sum of soxhiet extraction plus that of solvent 
extraction (Table 12). The soxhiet extraction procedure was conducted by a 
standard method (EPA Method 610, 1982; EPA Method 3540, 1986). Materials and 
methods of soxhiet extraction are described in Appendix E. 
Used food grade surfactants were Dowfax 8390 (anionic), T-Maz 60 
(nonionic), and a mixture (1:1 volume mixture) of Dowfax 8390 and T-Maz 60. 
Industrial surfactants (Sandopan JA36 (anionic), Pluronic L44 (nonionic), a mixture 
(1:1 volume mixture) of Sandopan JA36 and Pluronic L44) were also tested. The 
removal efficiency of deionized water alone was also determined. Duplicates were 
evaluated for each experiment. 
Table 7. Measured physical properties of used soil column 
Soil Column Soil Column Used Soil Bulk Porosity One Pore 
Length Radius Mass Density Volume 
15.4cm 2.3cm 350g 1.36g/cm'^ 0.49 126cm'' 
Sequential Column Leaching Test by Microemulsifiers 
Column experiments were performed to determine the effect of specific 
microemulsifiers in leaching 1,2,4-trichlorobenzene from Fruitfieid soil. Toluene due 
to its high volatilization properties did not selected in this column experiments. The 
specific microemulsifiers used in this column experiments were made by mixing 4.3g 
SDS (sodium dodecyl sulfate, anionic surfactant), 1.87g n-pentanol (cosurfactant). 
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and 87g deionized water (Rosano and Clausse, 1987; Ouyang et al., 1996). This 
specific surfactant / cosurfactant / water solution rapidly formed microemulsions in 
preliminary tests. Experimental procedures were the same as those described in 
sequential column leaching test by surfactant solutions. Samples were analyzed to 
obtain the average 1,2,4-trichlorobenzene concentration. The characteristics of SDS 
surfactant are shown in Table 5. 
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D 
A; Glass Column 
B: Soil 
C: Sampling Port 
D; Pump 
E: Valve 
1; Glass wool and glass beads 
Figure 6. Schematic diagram of continuous leaching experimental apparatus 
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RESULTS AND DISCUSSIONS 
Shaker Table Agitation and Centrifugatlon Experiments 
Results of shaker / centrifugatlon experiments conducted using Ottawa sand 
are given in Table 8 and Appendix A (Table A1, A2). The greatest recovery of 
toluene, and 1,2,4-trichlorobenzene was 65%, and 75% respectively which were 
obtained with one surfactant wash plus two water rinses with the food grade 
surfactant, Dov^ax 8390. 
Table 8. The results of shaker / centrifugatlon experiments with Ottawa sand 
Surfactant Toluene removal(%) 1,2,4-trichloroben2ene 
(mean of 2 replicate) removal(%) 
T-Maz 60 55 58 
SDS 47 50 
Dowfax 8390 65 75 
Tween 61 43 50 
Even though the mixture (anionic Sandopan JA36 + nonionic Pluronic L44) of 
industrial surfactants was found to be most effective in removing toluene from sand 
(Lee, 1997), an analogous mixture of food grade surfactants (anionic Dowfax 8390 + 
nonionic T-Maz 60) was not the most effective in removing toluene or 1,2,4-
trichlorobenzene (Table 9 and Appendix A). The comparatively small amount of 
toluene recovered in my experiments indicate that there may have been losses by 
volatilization as observed by Ellis and Payne (1984). 
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Table 9. Comparison of removal(%) 
with anionic surfactant alone and surfactant mixtures in shaker / centrifugation 
experiments 
Surfactant Toluene 1,2,4-TCB 
Sandopan JA36 38® 
o
 
o
 
CO 
Sandopan JA36 + Pluronic L44 56® Not Done 
Dowfax 8390 57"= 71"= 
Dowfax 8390 + T-Maz 60 51" 52" 
Water 13® 9° 
a = Lee (1997), Ottawa sand 
b = Rajput (1988), Sandy loam soil 
c = This study, Fruitfield soil 
Contaminant removal by mixed surfactants (Dowfax 8390 + T-Maz 60) was 
less effective than that by the double head surfactant (Dowfax 8390) alone even 
though more effective than that by water (Figure 7, 8, and Table 9). This is 
consistent with Rouse et al. (1994) who showed that twin-head anionic surfactant 
exhibited a greater potential than synergistic mixtures for solubilization of 
hydrophobic organic substances. Synergism between the anionic and nonionic food 
grade surfactants was not evident (Table 9). Water removal was very restricted, 
especially for 1,2,4-trichlorobenzene (Table 9). 
80 
- Dowfax 8390* 
•Mix.** 
•Water 
cn W 
1S-H2W 1S 1S-HW 
Surfactants 
Figure 7. The removal of toluene in shaker/centrifugation experiments with Fruitfield sand 
*4% Dowfax 8390 surfactant 
**Mixture of 2% each of Dowfax 8390 and T-Maz 60 
1S 1S + 1W 
Surfactants 
1S + 2W 
Figure 8. The removal of 1,2,4-trichlorobenzene 
in shaker/centrifugation experiments with Fruitfield sand 
*4% Dowfax 8390 surfactant 
**Mixture of 2% each of Dowfax 8390 and T-Maz 60 
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Batch Desorption Tests 
Batch desorption tests of toluene and 1,2,4-trichlorobenzene were studied 
using food grade surfactants and 1g, 3g, and 5g of contaminated Fruitfieid soil. 
Toluene or 1,2,4-trichlorobenzene concentration changes in each reactor as a 
function of time are presented in Appendix A (Table A5, A6, A7, A8), Figure 9, and 
Figure 10. Generally the trend of toluene consisted of 4 steps (increase, short 
equilibrium, increase, and equilibrium) and 1,2,4-trichlorobenzene trend consisted of 
2 poorly defined steps (increase, and equilibrium) (Figure 9 and Figure 10). 
Calculating the toluene or 1,2,4-trichlorobenzene concentration(pM) in the aqueous 
phase, it was noted that approximately 100%, 82%, 82% of 1,2,4-trichlorobenzene 
were removed from 1g, 3g, 5g of soil, respectively, in 11 hours (Table 10 and 
Appendix A). The average desorption rate of toluene and 1,2,4-trichlorobenzene in 
1g sample was S.Sjig/hr and 18.2|ig/hr, respectively, over an 11 hour time period. 
Based on these experimental results, Dowfax 8390 surfactant should be satisfactory 
for solubilizing and mobilizing 1,2,4-trichlorobenzene in a shaking batch experiment. 
Table 10. Removal (%) of contaminant in batch desorption test after 660 minutes 
Contaminated Toluene with Toluene with 1,2,4-TCB with 1,2,4-TCB with 
soil Dow. Mix. Dow. Mix. 
ig 64 64 Too 91 
3g 55 46 82 82 
5g 55 36 82 55 
Dow. = Dowfax 8390, Mix. = mixture of Dowfax 8390 and T-Maz 60 
0  I  ^ ^ ^ ^ ^ ^ ^ ^  
5 10 30 60 180 300 420 540 660 
Time (i\/lin.) 
Figure 9. Batch desorption tests. Toluene concentration change in 4 % aqueous Dowfax 
8390 surfactant, with Fruitfield sandy soil 
1 J , , ; ; 
5 10 30 60 180 300 420 540 660 
Time (Min.) 
Figure 10. Batch desorption tests. 1.2,4-trichlorobenzene concentration change in 4 % 
aqueous Dowfax 8390 surfactant, with Fruitfield sandy soil 
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Sequential Column Leaching Test by Surfactant Solutions 
Column experiments were conducted to compare the effectiveness of water 
and surfactant solutions in removing toluene and 1,2,4-trichlorobenzene from 
Fruitfield sandy soil. All the surfactant solutions (Dowfax 8390, T-Maz 60, Sandopan 
JA36, and Pluronic L44) were much more effective in leaching these model 
contaminants from the Fruitfield soil or Ottawa sand than was pure water (Table 11, 
Appendix B (Table B1, 82, B3), and Figure 1.1). 
Table 11. The removal(%) of contaminant 
after surfactant solution or water 1250mL passed with Fruitfield soil 
Treatment Toluene 1,2,4-T richlorobenzene 
Water 31 10 
Dovirfax 8390 75 83 
Mix. 48 53 
T-Maz 60 72 75 
Sandopan JA36 
ra O
 
CO 
70 
Pluronic L44 49® 50 
a = from Lee (1997), Ottawa sand 
As shown in Figure 12, Dowfax 8390 (anionic) was more effective than the T-
Maz 60 (nonionic) or the mixed surfactant (Dowfax 8390 + T-Maz 60) for 1,2,4-
trichlorobenzene removal. These results show that there is no synergism between 
the anionic Dowfax 8390 and the nonionic T-Maz 60. This result is much different 
90 
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11. 1,2,4-Trichlorobenzene removal by sequential leaching, with Fruitfieid 
Mix. = mixture of 2% each of Dowfax 8390 and T-Maz 60 
•Mix* 
• Dowfax 8390 
Oi 
o 
0 200 400 600 800 1000 
Cumulative volume of wash liquid (ml) 
1200 1400 
Figure 12. Comparison of removal of 1,2,4-TCB sequential leaching by 4% Dowfax 8390 
and a mixture of industrial surfactant, with Fruitfield sandy soil 
* = mixture of 2% each of Sandopan JA36 and Pluronic L44 
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than that shown by the industrial surfactants which exhibited synergism (API, 1985; 
Fountain et al., 1991; Lee, 1997). It may be that the double head surfactant of 
Dowfax 6390 structure was responsible for the lack of synergism although the 
precise cause is unknown. As shown in Table B2, B3 of Appendix B, and Figure 12, 
Dowfax 8390 alone was as effective as a non-food grade synergistic mixture of 
Sandopan JA36 and Pluronic L44 (Lee, 1997). 
Generally, Dowfax 8390 alone was the most effective in removal of toluene or 
1,2,4-trichlorobenzene from the soil column. Table 12 shows that mass balance(%) 
of toluene and 1,2,4-trichlorobenzene on removal experiments by sequential 
leaching with 4% Dowfax 8390 surfactant from Fruitfield sandy soil. 
Table 12. A summary of the experiments on removal of contaminants 
Contaminant Initial Amounts of Amounts of Mass 
amount contaminant contaminant Balance (%)'^ 
spiked (mg) recovered from 
leachate (mg)® 
recovered from 
soil after 
treatment (mg)'' 
Toluene 4335 3251 19 75.43 
1,2,4-TCB 7270 6034 35 83.48 
® = by solvent extraction 
= by soxhiet extraction from 350 g soil 
= Cause of the errors is unknown, but probably must occurred 
in the lengthy soxhiet extraction procedures (Appendix E) 
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Nivas et al. (1996) reported that Dowfax 8390 surfactant was most effective in 
remediation of chromium contaminated soil in column leaching tests. They showed 
that Dowfax 8390 surfactant was able to enhance the extraction of chromate 2.5 
times greater than water. Effectiveness of Dowfax 8390 may be due to small 
adsorption of the double head sulfate polar heads onto soil particles, or to very small 
amounts of surfactant loss by precipitation with soil components (Rouse et al., 1993; 
Nivas et al., 1996). 
Sequential Column Leaching Test by MIcroemulsifiers 
In these tests microemulsifiers (surfactant/cosurfactant/water) removed 70% 
of 1,2,4-trichlorobenzene from the soil column (Figure 13, Table B4 of Appendix B). 
The microemulsifiers proved to be slightly less efficient than Dowfax 8390 for the 
Fruitfield soil. In a previous studies microemulsifiers removed 95% of the gasoline 
from a soil column (Ouyang et al., 1996). Shiau et al. (1996) reported that 
microemulsifiers composed of AOT and SMDNS (both anionic surfactant) were very 
effective for surfactant-based remediation of tetrachloroethylene (PCE). The 
formation of microemulsifiers depends on system characteristics such as clay 
concentration, surfactant concentration and temperature (Rosen, 1989). The 
differences in my experimental phases and conditions may be responsible for 
different results compared to previous studies. 
250 500 750 1000 
Cumulative volume of wash liquid (ml) 
1250 
Water 
Microemulsifiers 
Dowfax 8390 
Figure 13.1,2,4-trichlorobenzene removal by sequential leaching, with Fruitfield sandy soil 
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CONCLUSIONS 
Based on experimental results, the conclusions for the first part of this 
research are: 
1) In shaker/centrifugation experiments the highest recovery of toluene or 1,2,4-
trichlorobenzene was 65%, and 75%, respectively, which were obtained with one 
surfactant wash plus two water rinses with Dowfax 8390 surfactant. 
2) Based on batch experiment results, it is apparent that Dowfax 8390 can be used 
for solubilizing 1,2,4-trichlorobenzene and mobilizing it in a dynamic environment, 
like that of on-site soil washing. 
3) The highest recovery of toluene or 1,2,4-trichlorobenzene in the soil column tests 
was 75%, and 83%, respectively, using Dowfax 8390. 
4) Synergism between the anionic Dowfax 8390 and the nonionic T-Maz 60 was not 
observed. A mixture of the two was less effective than Dowfax 8390 by itself. 
Cause of the lack of synergism is uncertain but may result from the twin head 
structure of Dov\rfax 8390. 
5) Microemulsifiers were slightly less effective than Dowfax 8390 for removing 
1,2,4-trichlorobenzene from the Fruitfield soil column. 
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PART II. EFFECTS OF ENVIRONMENTAL CONDITIONS 
ON SURFACTANT-BASED REMEDIATION 
OF HYDROPHOBIC ORGANIC CONTAMINATED SOILS 
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INTRODUCTION 
Soil and groundwater contamination by hydropfiobic organic substances has 
caused significant concern in industrial areas. Petroleum-based organic products 
enter the subsurface as a separate organic phase or nonaqueous phase liquid 
(NAPL). Under normal flow regimes, this NAPL phase is immobile and often 
represents a long-term source of aquifer contamination (Liu and Wang, 1995; 
Pennell et al., 1993, 1994, 1996, 1997; Rogers et al., 1980) as It slowly dissolves 
into the groundwater. 
A lighter-than-water nonaqueous phase liquid (LNAPL) that spreads laterally 
on the water table can be trapped below the water table when the water table 
recovers because only some of the trapped liquid can be remobilized (Puerto and 
Reed, 1983; Rogers et al., 1980; Sandiford, 1976). The plume of denser-than-water 
nonaqueous phase liquid (DNAPL) sinks through permeable materials to an aquitard 
and then migrates laterally along this interface (Chevalier et al., 1998; Mackay et al., 
1996). 
Removal of NAPLs from contaminated soils is difficult because they possess 
low solubilities and high interfacial tensions. Possible in-situ cleanup technologies 
are vacuum extraction, steamflooding, soil washing using organic solvents, and 
bioremediation. Although the possibility of using vacuum extraction and 
steamflooding to remove high volatile organic compounds has been demonstrated to 
be effective, these methods are ineffective for low volatility compounds (Brusseau, 
1992; Hunt and Sitar, 1988). According to a study by Chawla et al. (1989), for the 
less volatile aromatics present in the gasoline, including benzene, toluene, ethyl 
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benzene, and xylene, only 30-45 % were recovered by steamflooding. In-situ soil 
washing using organic solvents such as acetone or methanol is problematical 
because of solvent cost and toxicity (Chuang and Sutherland, 1990; Clarke et al., 
1991). Water alone can be used to extract water-soluble or water-mobile 
constituents. Stimulated bioremediation is more promising, but some limitations 
have been encountered, including the difficulty in controlling oxygen levels (Rittmann 
and Johnson, 1989), biomass pore-plugging (Mcdermott et al., 1989), and inefficient 
injection sweeps in low permeability aquifers (Gutnick and Minas, 1987). Also, 
bioremediation suffers from a lack of fundamental understandings of the 
mechanisms by which organic substances cause microbial toxicity or aid in microbial 
utilization of contaminants. Currently the common method for remediation of 
aquifers contaminated with hydrophobic organic substances is water pump-and-
treat. This method is neither effective or economical. According to Mackay and 
Cherry (1989) with this method, contaminant concentrations rapidly decrease after 
initiation of pumping and then level off at a still high asymptotic concentration. 
Recently, extensive research on soil and groundwater remediation has 
demonstrated that surfactant (surface active agents) flushing is a viable alternative 
for improving the efficiency of water-based pump-and-treat remediation (Abdul et ai, 
1990 a, 1992; Fountain etal., 1991, 1995; Luthyetal., 1994; Pennell et al., 1993, 
1994,1996, 1997; Shiau et al., 1994 a, b, 1995). These studies showed that 
aqueous surfactant solutions significantly enhanced the removal of oils and other 
hydrophobic contaminants from soil and groundwater. However, field test results by 
aqueous surfactants still have problems in removing contaminants in the subsurface 
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(API, 1985; Nash, 1988; Sabatinietal., 1997; Soreletetal., 1998). More laboratory 
work is needed to understand the factors affecting hydrophobic organic compound 
removal and the limitations of surfactant-assisted in-situ soil washing. 
The objectives of this study are as follows: 
1) to examine 1,2,4-trichlorobenzene removal from soil column as functions of 
environmental conditions. 
2) to evaluate the optimal range of environmental parameters for maximum 
removal. 
Effects of Environmental Conditions 
Although laboratory experiments showed the effectiveness of highly alkaline 
surfactant solutions in leaching toluene from quartz sand (Lee, 1997), these 
experiments were not very close to conditions present during in-situ leaching of 
contaminated soils because of simplified environmental conditions. Remediation of 
field contamination requires a combination of injection wells and withdrawal wells 
which will continuously flood a contaminated zone with remediation solutions (Figure 
14). Further, aqueous surfactant solutions are affected by environmental conditions 
such as pH, temperature, saturated hydraulic conductivity of the remediation target 
area, and the clay type and percentage (Fountain et al., 1991; Hayworth and Burris, 
1996). 
Although surfactant solutions may be useful for in-situ washing of 
hydrophobic organic compounds from soils and aquifers, soil-surfactant interactions 
may result in significant hydraulic conductivity reductions: if this occurs then 
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remediation may be impractical. The hydraulic conductivity of a soil matrix is a 
function of soil properties and washing solution properties (Fountain et al., 1991; 
Rajput etal., 1994). 
Saturated hydraulic conductivity (K) can be expressed as follows: 
K = (kpg/M-) 
where the intrinsic permeability, k (L^), is strictly a property of the porous medium, p 
is fluid density (M/L^), g is the gravitational acceleration constant (L/T^), and (x is fluid 
viscosity (M/LT). From this equation, it follows that surfactant solutions introduced 
into saturated porous media can alter saturated hydraulic conductivity values by 
changing fluid density and viscosity. Rajput et al. (1994) reported that if the 
hydraulic conductivity of a target contaminated area is less than 10"^ cm/sec, it is 
probably unsuitable for in-situ washing. Surfactant-soil interactions which affect 
intrinsic permeability will also affect hydraulic conductivity and any reduction in the 
capability of a soil to transmit fluid will decrease the efficiency of surfactant 
enhanced in-situ remediation. 
Davis (1994) and Martel and Gelinas (1996 a, b) showed that temperature is 
also an important factor in surfactant efficiency for surfactant-based remediation. At 
depths of 30-60ft the temperature corresponds to the mean annual air temperature 
of 3° to 25°C in the United States. Therefore, surfactants with good solubility at low 
temperature should be favored. 
Rosen (1989) and Harwell (1992) observed that micelle formation of 
surfactant is also enhanced by high pH conditions, but they did not offer an 
explanation for the effect. Chang and Rosano (1984) reported that generally the 
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higher pH, the lower surface tension of a surfactant solution. Aquifer pH depends on 
the nature of the recharge water and geochemistry of the aquifer (Chiu and Yu, 
1992). The pH of natural soils commonly range between 6 and 8. Most surfactants 
are chemically stable in this range. Generally, the surfaces of natural soil are 
predominately negatively charged at that pH, so that anionic surfactants should 
adsorb least because of charge repulsion (Grimberg et al., 1996). 
Optimization of surfactant dose and flow rate for efficient hydrophobic organic 
contaminant removal is an essential. Also, the effectiveness of surfactant-based 
remediation can be limited by soil adsorption of surfactants to clay, silt, and by high 
organic soil contents (Joshi and Lee, 1996). Surfactants could alter the natural 
solubility equilibria for clays by ion exchange and complexation mechanisms. In four 
surfactant types, nonionic surfactants should be the most compatible with clays, and 
the most tolerant of their aqueous geochemistry (Rosen, 1989). 
SurJuctanl 
Rccovorod SurfactorU Solullon 
ConlamlnalGd Ground Wotor byalern 
Unaoluroled Zone 
Figure 14. The schematic diagram of surfactant-based remediation 
(from Allred and Brown, 1994) 
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MATERIALS AND METHODS 
Two Iowa soils, Webster and Fruitfield, used for this study were obtained from 
Dr. Ukrainczyk of the Department of Agronomy of Iowa State University. The soils 
were air-dried and passed through a 2 mm sieve. Organic matter of both soil is low 
(0.2 to 0.6%). Characteristics of two Iowa soils are given in Table 6. 
1,2,4-trichlorobenzene (DNAPL) was chosen as the model aromatic 
hydrophobic substance because it frequently is detected in soil and groundwater at 
industrial sites. Also, 1,2,4-trichlorobenzene proved suitable for further study 
because it showed good results in the previous part of this research project and is 
more hydrophobic than toluene. Characteristics of 1,2,4-trichlorobenzene were 
given in Table 4. 
4%(v/v) Dowfax 8390 (anionic) was selected for this study. Anionic 
surfactants are usually chosen for soil flushing procedures because of their lower 
degree of adsorption on soil than that by cationic and nonionic surfactants, and their 
recoverability for reuse (Lee, 1997; Rosen, 1989; Rouse etal., 1995). 
Characteristics of Dowfax 8390 surfactant are listed in Table 5. All experiments in 
this study used duplicate runs and flow rate of 3 ml/min except for the flow rate effect 
study. 4%(v/v) Triton X-100 (nonionic) and 4%(v/v) Sandopan JA36 (anionic) were 
also used in this investigation of pH and counter-ion effects. Triton X-100 
(C33H60O10) has been widely used in laboratory scale remediation projects (Edwards 
et al., 1994 a, b, c). Characteristics of these surfactants are given in Table 5. 
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Column Experiments with Varying Environmental Conditions 
Column experimental procedures were the same as those of my part I study 
except that environmental parameters were varied as noted. Experimental variables 
used were pH, counter-ions, surfactant concentration, solution temperature, clay 
content, solution flow rate, and ratio of surfactant solution volume to soil weight. 
Fruitfield sand and Webster clay soils were used in the clay content effect 
experiment. I also investigated the effects of surfactant solutions on hydraulic 
conductivity. 
Effect of surfactants on hydraulic conductivity 
Soil hydraulic conductivity is one of the key factors determining the 
effectiveness of surfactant-based remediation (Edwards et al., 1991), so that the 
effects of surfactants on saturated hydraulic conductivity should be evaluated. In 
this study the changes in saturated hydraulic conductivity resulting from interactions 
between soil and surfactant molecules and micelles were investigated. 
There are two types of permeameter configurations usable for the study: a 
constant head and a falling-head. A constant-head configuration is more commonly 
used for very permeable sediments. A falling-head configuration is used for 
cohesive sediments with low K values and low expected flow rates (McWhorter and 
Sunada, 1977). 
The two Iowa soils, Fruitfield and Webster, were sieved and heated to 100 °C 
for 24 hours before packing in order to destroy most resident soil microorganisms 
because microbial growth may clog pores (Lipe et al., 1996). 
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The two soils tested in this study were chosen on their initial water saturated 
hydraulic conductivity values, which are representatives of extremes in suitability 
regarding in-situ soil washing. Standard constant-head hydraulic conductivity tests 
were conducted in this study. The description of procedures is available in a number 
of introductory groundwater hydrology texts (Todd, 1980). All tests were conducted 
in the Soil Physics Laboratory of Iowa State University. 
The column used in this study was 6.4cm(0. D.) in diameter and 17cm in 
height. A porous ceramic plate was fixed to the base of the column. In order to 
decrease wall flow effects, a wax liner was used in the column (Appendix H). 
Physical properties of the soil columns used are given in Table 13. After a column 
was packed, deionized water was pumped into the column for 6 hours to saturate 
the Iowa soil. Then the water-saturated hydraulic conductivity was monitored until 
equilibrium was reached (Appendix I). At equilibrium the measured saturated 
hydraulic conductivity (Kg) in the Fruitfield soil column was 2.02 x 10"^ cm/s and in 
the Webster soil column it was 1.07 x 10'^ cm/s (Appendix I). Next, the aqueous 
4%(v/v) Dowfax 8390 anionic surfactant solution was substituted for the previously 
used deionized water into the inlet supply tubing, and changes in saturated hydraulic 
conductivity were monitored with respect to the pore volume of the injected 
surfactant solution. Also changes in saturated hydraulic conductivity with deionized 
water only were continuously monitored with the same conditions for the 
experimental control. Saturated hydraulic conductivity test data and calculation data 
are given in Appendix I. Surfactant distribution in the soil column was not 
determined. 
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Table 13. Measured physical properties of used experimental soil column 
in hydraulic conductivity test 
Soil Name Length of Bulk density Measured 
column soil (g/cm^) of soil porosity in 
(cm) in column column 
Fruitfield i4J Oo 0585"^ ^7.24 
Webster 14.7 0.95 0.642 96.13 
*2.76% and 3.87% in each soil column = Air content 
Column diameter (cm) = 6.4cm(O.D.) (Appendix H) 
Wax thickness in column = 0.3cm (Appendix H) 
1 pore volume of Fruitfield soil column is about 222.68cm^ 
1 pore volume of Webster soil column is about 239.70cm^ 
pH effects 
In order to evaluate the effects of pH on surfactant-based lab-scale 
remediation, the pH of surfactant solutions was varied by adjusting pH with a 10% 
NaOH (2.5M) solution. The surfactant 4% Dowfax 8390 had an unadjusted pH of 
8.7. pH values of the aqueous surfactant solutions (4% Dowfax 8390) were adjusted 
to 10,11. Unadjusted pH values of 4% Sandopan JA36 and 4% Triton XI00 were 3 
and 7.2, respectively. The pH values of the Sandopan JA36 were adjusted to 7.2, 
8.7,10, 11 and pH values of the Triton X100 were adjusted to 8.7, 10, 11 (Table C2 
of Appendix C). Column fill was the Fruitfield sandy soil. 
Water content 
after 
saturation* (%) 
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Counter-ion effects 
The addition of an electrolyte such as NaCI to an anionic surfactant solution 
can both increase the micelle aggregation number (size of micelle) and decrease the 
CMC (Hiemenz, 1986), thereby modifying surfactant effectiveness for remediation. 
The addition of NaOH for pH adjustment adds two ions, Na"" and OH", to the 
surfactant solution. Changes in effectiveness for remediation could be caused either 
by pH changes or by changes in the counter ion Na"^. In order to determine whether 
OH" or Na"" was more effective in modifying surfactant effectiveness, experiments 
were performed with NaCI added to the surfactant solutions. The same number of 
Na"^ moles were added as those from NaOH in the pH experiments (Table C5 of 
Appendix C). In addition, in other experiments 2% NaCI was added surfactant 
solutions (Table C4 of Appendix C). Dowfax 8390, Sandopan JA36, and Triton 
X100 were used in these experiments and the column fill was Fruitfield sandy soil. 
Surfactant concentration effects 
In my M.S. study (Lee, 1997), 2% non-food grade surfactants gave good 
removal effectiveness for toluene. This time, I sought to determine the best food 
grade surfactant concentration. A range of surfactant concentrations, between 0% 
(water) to 8%(v/v), was used; surfactant concentrations were 1, 2, 4, 6, 8% (v/v) 
Dowfax 8390. Also, in order to compare the effects of concentration for non-food 
grade surfactants, Sandopan JA36 surfactant was tested at the same 
concentrations. Column fill was Fruitfield sandy soil. 
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Surfactant solution temperature effects 
Room temperature experiments on surfactant-based remediation procedures 
could result in significant errors because of unknown temperature effects. 
Temperature effects on removal of 1,2,4-trichlorobenzene from the Fruitfield sandy 
soil column were examined using surfactant solution with initial temperature of 2°, 
20°, 40°, 60°C respectively. In all these experiments, the soil column was initially at 
room temperature and the surfactant solutions were heated or cooled before pouring 
into the soil column. Facilities for controlling column temperatures were not 
available. The mean temperature of the effluents is used in summarizing results 
because temperatures of the soil column changed as the experiments progressed 
(Table 14). The surfactant used was 4% Dowfax 8390. 
Table 14. Temperature (°C) variations of Dowfax 8390 solutions during soil 
temperature experiments, after passing through soil column 
Initial 
solution 
Temperature 
250mL* 500mL 750mL lOOOmL 1250mL Average Effluent 
Temperature 
2 11 10 7 6 4 7.6 
20 18 19 19 20 20 19.4 
40 25 29 35 38 40 33.4 
60 37 40 48 53 55 46.6 
* = Effluent volume; Fruitfield soil used; 1250mL = about 10 pore volumes 
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Sandy soil: clay loam ratio effects 
Column tests were made with soils in which the Fruitfield sandy soil; Webster 
clay loam soil weight ratios were varied from 2:1 (w/w) (65% sand, 21% silt, 14% 
clay) through 5:1(w/w) (78% sand, 15% silt, 7% clay). (Table C9 of Appendix C). 
The surfactant was 4% Dowfax 8390. These experiments are related to clay 
concentrations of the soils but don't represent exactly sand/clay contents because 
neither of the soils is a pure end member sand or clay (Table 6). 
Surfactant solution flow rate effects 
In order to investigate the effects of surfactant flow rates in surfactant-based 
remediation, aqueous surfactant solutions were injected into the column by pumping 
at different flow rates. Flow rates were 1, 2,4, 8, 16 ml/min. Column fill was 
Fruitfield sandy soil and surfactant was 4% Dowfax 8390. 
Ratio of surfactant solution volume to soil weight effects 
To determine the effects of surfactant solution volume to soil weight on 
removal efficiency, the surfactant solution volume to soil weight ratio was varied from 
1:1 through 5:1 (v/w) (Table C11 of Appendix C). The surfactant was Dowfax 8390 
and the column fill was Fruitfield sandy soil. 1:1 (V/W) means 350ml of 4% aqueous 
surfactant solution and 350g of Fruitfield soil. 
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RESULTS AND DISCUSSIONS 
In this study, different environmental parameters were varied to explore 
conditions commonly occurring in soil and groundwater system and the effects of 
these different parameters on surfactants leach effectiveness were investigated. 
Environmental parameters were found to have effect on 1,2,4-trichlorobenzene 
removal from contaminated soil columns. Based on these experimental results, the 
optimal range was determined for each investigated parameter. 
Hydraulic conductivity 
Table 15 shows the effects of hydraulic conductivity with surfactant after 
controlling of test (Appendix I). 
Table 15. The monitored hydraulic conductivity (cm/s) with water or surfactant 
Soil Name Water Surfactant 
Fruitfield 2.02E-2 1.91E-2 
Webster 1.05E-3 0.86E-3 
Data come from Appendix I 
Figure 15 shows the results of saturated hydraulic conductivity changes in the 
Fruitfield soil column. After passing two pore volumes of 4% Dowfax 8390 
surfactant solution through the column, hydraulic conductivity decreased in the 
Fruitfield soil slightly (Table CI of Appendix C, and Figure 15). Maximum hydraulic 
conductivity decrease after passing two pore volumes was about 5% (Table 15 and 
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Figure 15). Therefore, this type of sandy soil is ideal for surfactant-assisted 
remediation (Allred and Brown, 1994, 1995; Liu and Roy, 1995). 
Figure 16 shows the results of the saturated hydraulic conductivity changes in 
Webser clay loam column. After passing about two pore volume of 4% Dowfax 8390 
surfactant solutions through the column, a considerable reduction in hydraulic 
conductivity developed. Maximum hydraulic conductivity decrease after passing two 
pore volumes was about 18% (Table 15 and Figure 16). This type soil would be a 
marginal candidate for soil washing remediation (Allred and Brown, 1994). 
In another study maximum hydraulic conductivity decreases were 47% for the 
sand and more than two orders of magnitude for the loam (Allred and Brown, 1994). 
They used falling head method and the content of clay of their loam soil was much 
greater than that of the Fruitfield soil or Webster soil. These and my results indicate 
that potential surfactant-assisted hydraulic conductivity losses should be considered 
prior to in-situ surfactant remediation. 
It appears that a number of processes contributed to the conductivity losses 
observed here. A significant process with anionic surfactant in the clay loam was 
probably surfactant precipitation (Allred and Brown, 1994). Factors influencing 
hydraulic conductivity reductions include surfactant type, soil texture, soil organic 
content, and added electrolytes (Nash, 1987, 1988; Rosen, 1989; Liu and Roy, 
1995). 
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Figure 16. Hydraulic conductivity changes with washing agents in Webster soil 
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pH 
Monitored pH values of effluent solutions during experiments were almost 
same as the initial solution pH at the start of each experiment. The pH value of 
Triton X100 (nonionic) was exactly same through the experiments, but anionic 
surfactants (Sandopan JA 36 and Dowfax 8390) slightly varied (Table 16). The 
differences are probably insignificant in terms of affecting interpretations about pH 
effects. 
Table 16. Monitored pH value through the column soil 
4%(v/v) Surfactants Initial After 1250mL effluent passed 
8.7 8.9 
Dowfax 8390 10 10 
11 11.1 
3 3.3 
7.2 7 
Sandopan JA36 8.7 9 
10 10.1 
11 11.3 
Column fill was Fruitfield sandy soil. 
Measured pH was mean value from duplicate test. 
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Figure 17 shows the variation with pH of the removal efficiency of the three 
surfactants for 1,2,4-trichlorobenzene. In each case a maximum removal of 1,2,4-
trichlorobenzene was obtained at pH 10. Table 17 shows the effect of pH in removal 
effectiveness of 1,2,4-trichlorobenzene. The percentage increase was 16% for 
anionic Dowfax 8390,12% for anionic Sandopan JA36, and 9% for the nonionic 
Triton XI00 was much less than that observed for my Ottawa sand column 
experiments (Lee, 1997). 
In my M.S. study (Lee, 1997), much greater effectiveness was observed 
using surfactant solutions containing NaOH. In that study (Lee, 1997) I found that 
NaOH increased the effectiveness of a nonionic surfactant (Pluronic L44) by 50%, 
an anionic surfactant (Sandopan JA36) by 57%, and water by 10% in a pure sand 
column. The model contaminant was toluene in that study (Lee, 1997). Also, in 
recycled surfactant solution leaching tests, the mixture of surfactant and NaOH was 
most effectively extracted by solvents (Lee, 1997). Chang and Rosano (1984) and 
Rosen (1989) found that micelle formation in surfactant solutions is enhanced by 
high pH conditions and the surface tension of surfactant solutions is decreased by 
high pH. Both factors may have affected my results. However, the cause of lesser 
affects compared to Lee's (1997) results is not known even though probably results 
from the different model contaminants and sand (Lee, 1997) compared to soil (this 
study). 
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Table 17. The effect of pH in removal effectiveness of 1,2,4-trichlorobenzene 
Surfactant pH value Removal (%) pH effectiveness 
Dowfax 8390 8.7®, 10° 79", 92° 16% increase 
Sandopan JA36 3.0^ 10" 74"=, 83'' 12% increase 
Triton X100 7.2®, lO'' 74^81" 9% increase 
a = No added NaOH, b = Adjusted by NIaOH, c = 1,2,4-TCB removal (%) at no 
added NaOH, d = 1,2,4-TCB removal (%) at adjusted by NaOH 
Counter-ion 
The addition of small amounts of pH neutral electrolyte to solution of ionic 
surfactants appears to increase the extent of solubilization of hydrocarbons that are 
solubilized in the inner core of the micelle (Rosen, 1989; Hanwell, 1992). Increased 
binding of cations should cause the CMC of the surfactant to decrease and the 
aggregation number to increase with the stabilization of micelles. Therefore, 
experiments were conducted to examine the effect of cations in the removal 1,2,4-
trichlorobenzene from the Fruitfield soil. Based on these experimental results, the 
effect of Na"^ was small (Figure 18 and Table C4 of Appendix C), and was much less 
than that of pH (Table 17,18, 19). The effect of NaOH in changing effectiveness is 
not due to Na"^ effects, but rather to the OH" as shown by these experimental results 
(Table 18). 
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Table 18. The effect of counter-Ion in removal of 1,2,4-trichlorobenzene 
Surfactant Removal(%) Counter-ion effectiveness 
Dowfax 8390 80®, 80" No increase 
Sandopan JA36 75®, 79'' 5.3% increase 
Triton X100 75®, 76'' 1% increase 
a = No added NaCI 
b = Added NaCI, Na"*^ equivalent to pH 10 NaOH 
Table 19. Comparison of NaOH and NaCI effect in surfactant-based remediation 
NaOH or NaCI Dowfax 8390 Sandopan JA36 Triton X100 
(anionic) (anionic) (nonionic) 
Unadjusted pH and 
without NaCI 79 74 74 
pH 10 and without NaCI 92 83 81 
pH 11 and without NaCI 88 81 80 
pH 10 and with NaCI® 80 79 76 
pH 11 and with NaCi'' 82 79 76 
a = Na" from NaCI equivalent to pH 10 Na"^ in NaOH 
b = Na"^ from NaCI equivalent to pH 11 Na"" in NaOH 
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Figure 17. Effect of surfactant solution pH on leaching of 1,2,4-TCB from Fruitfield soil 
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gure 18. Effect of counter-ion in surfactant-based leaching of 1,2,4-TCB from Fruitfield soil 
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Surfactant solution concentration 
As expected, the removal efficiency of water alone was very low and the 
lowest concentration (1%) of surfactant gave the least removal efficiency. Removal 
efficiency increased for Dowfax 8390 with surfactant concentration between 1% and 
4%, but less so for Sandopan JA36 (Figure 19). Based on these results, a 
surfactant concentration of 4%(v/v) gave the best removal efficiency. For non-food 
grade Sandopan JA36 surfactant the change from 2%(v/v) to 8%(v/v) caused only 
minor increases in effectiveness (Table 20). 
Pennell et al. (1994) reported that PCE of 90 to 97% recovered from Ottawa 
sand using 4%(v/v) surfactant solution. This is consistent with my experimental 
results even though they used different surfactant (POE (20) sorbitan monooleate 
nonionic surfactant). 
Table 20. Effect of surfactant concentration on removal efficiency(%) 
with Fruitfield soil 
Concentration (%) Dowfax 8390 Sandopan JA36 
1 58 63 
2 65 75 
4 82 78 
6 79 78 
8 79 78 
Dowfax8390 
SandopanJASe 
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Figure 19. Effect of surfactant concentration 
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Surfactant solution temperature 
Effect of solution temperature is shown in Figure 20. Remediation efficiencies 
did vary with temperature, and the greatest removal effectiveness (90%) occurred at 
a mean 33.4°C in this study. The removal was lowest (70%) at the lowest mean 
temperature of 7.6°C and increased with increased mean temperatures to 33.4°C, 
and then decreased at mean temperature 46.6°C (Figure 20). These results indicate 
that Dowfax 8390 efficiency will degrade at low temperature present in groundwater 
systems. Shiau et al. (1994) reported that the ionic surfactants are more soluble at 
higher temperature (25°C). Joshi and Lee (1996) reported for Igepal CA-720 (a 
nonionic surfactant) that the removal was minimum at the low temperature of 10°C 
and increased significantly with higher temperatures. They found that optimal 
surfactant solution temperature was 60-80°C which conflicts with my finding that the 
highest temperature (mean 46.6°C) decreased effectiveness of Dowfax 8390. 
Fruitfield sandy soil: Webster clay loam soil ratio 
Results of the series of column tests based on mixing of Fruitfield sand and 
Webster clay loam soils is shown in Figure 21. 1,2,4-trichlorobenzene removal 
efficiencies increased with increasing sand percentage. This trend was most evident 
in the comparison of efficiencies associated with the 3:1 and 2:1 ratios. There were 
also major difference in effectiveness for 3:1 and 4:1 ratios after effluent volume of 
lOOOmL passed. Even though these ratios are not real ratio of pure sand : pure 
clay, these results show that increase in clay reduces surfactant effectiveness 
(Figure 21 and Table C9 of Appendix C). 
00 
o 
CM 
100 
90 
80 
70 
60 
50 
5 40 
30 
20 
10 
o 
—S 
>. 
o 
c 0) 
"it 0) 
ra 
> 
o 
E 0) 
a: 
0 
CD M 
0 10 20 30 
Mean Temperature (oC) 
40 50 
Figure 20. Effect of surfactant solution mean temperature on leaching of 1,2,4-TCB from 
Fruitfield soil 
Surfactant = Dowfax 8390 
d) 
cr; 
10 
0 
250 500 750 1000 
Effluent of surfactant (ml) 
1250 
Figure 21. Effect of Fruitfield sand : Webster clay loam ratio on leaching of 1,2,4-TCB 
Surfactant = Dowfax 8390 
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Surfactant solution flow rate 
Figure 22 shows the effect of surfactant solution flow rate in removal of 1,2,4-
trichlorobenzene. There is an optimum flow rate of surfactant which yields maximum 
removal efficiency of 1,2,4-trichlorobenzene. It was observed that a pumping rate of 
2mL/min or 4mL/min gives the highest recovery of 1,2,4-trichlorobenzene in the 
column system (Figure 22). Below 2mLymln little foaming occurs which reduces 
efficiency, and above 4ml-/min much more foaming occurs. 
In my M.S. study (Lee, 1997), a pumping rate of 2.5mL/min of non-food grade 
surfactants gave the maximum effectiveness. In another study a pumping rate of 
SmUmin of surfactant gave the best effectiveness for removal hydrophobic organic 
substances (Ang and Abdul, 1991; Abrlola et al., 1993). 
Surfactant solution volume to soil weight 
Figure 23 shows removal efficiencies as a function of the ratio of surfactant 
solution volume to soil weight. Results show that the remediation efficiency depends 
on the ratio of washing solution to soil weight. Removal efficiency increased almost 
linearly from 1:1 to 4:1 ratio and then leveled off (Figure 23). Optimal removal was 
obtained when the washing solution volume to soil weight ratio was near a value of 
four. 
Joshi and Lee (1996) found that also "the optimal removal was obtained when 
the washing solution volume to soil weight ratio was near a value of four". This is 
consistent with my experimental results. 
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Figure 22. Effect of surfactant solution flow rate on leaching of 1,2,4-TCB from Fruitfiek 
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Figure 23. Effect of washing solution volume to soil weight ratio 1:1 to 5:1 (v/w) on leaching 
of 1,2,4-TCB from Fruitfield soil 
Surfactant = Dowfax 8390 
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Soil Column Test at Optimal Environmental Conditions 
Based on the results of this research on environmental effects, optimal 
environmental parameters were selected for a test of Dovrfax 8390 efficiency. The 
removal efficiency of deionized water alone for 1,2,4-trichlorobenzene was also 
determined at adjusted optimal environmental conditions except that its pH was not 
adjusted with NaOH for the pure water leach. 
Figure 24 summarizes removal results for 1,2,4-trichlorobenzene at optimal 
environmental conditions. The removal of 95% contaminant (1,2,4-trichlorobenzene) 
was obtained for a surfactant concentration of 4%(v/v), pH of 10, surfactant solution 
temperature of 33.4°C (mean temperature), and a surfactant solution flow rate of 
4mL/min with 1250mL of surfactant solution passing through the column (10 pore 
volumes). The increased effectiveness under optimal environmental conditions was 
about 15% compared to experimental results with "standard" environmental 
conditions (1%(v/v) or 5%(v/v) concentration, pH 8.7, 20°C (room temperature) 
surfactant solution temperature, and a flow rate of either 2ml_/min or SmUmin). 
However, as shown in Figure 25, water removal effectiveness was not improved 
significantly by using optimal environmental conditions (without pH 10 adjustment). 
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Figure 24.1,2,4-trichlorobenzene removal by sequential leaching at different environmental 
conditions with Fruitfield soil 
Surfactant = Dowfax 8390 
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CONCLUSIONS 
Based on experimental results, the conclusions for the second part of this 
research are: 
1) Maximum hydraulic conductivity decrease after passing two pore volumes of 4% 
Dowfax 8390 surfactant was about 5% in Fruitfield soil and about 18% in Webster 
soil compared to deionized water, respectively. Therefore, Webster soil would be a 
marginal candidate for soil washing remediation (Allred and Brown, 1994,1995). 
Surfactant-affected saturated hydraulic conductivity reductions should be considered 
prior to in-situ surfactant-based remediation. 
2) Environmental parameters were found to have effect on 1,2,4-trichlorobenzene 
removal from contaminated soil columns. Based on experimental results, the 
optimal range for each environmental parameter is; 
Surfactant solution pH: 10 
Surfactant solution concentration: 4%(v/v) 
Surfactant solution average temperature: 33.4°C 
Surfactant solution flow rate: 4ml_/min. 
Surfactant solution volume to soil weight ratio; 4 
3) Much greater effectiveness was obsen/ed using surfactant solutions containing 
NaOH. The effect of NaOH in changing effectiveness is not due to Na"" counter-
ion effects, but rather to the OH" based on experimental results. 
4) Remediation efficiencies vary with surfactant solution temperature, and the 
greatest removal efficiencies occurred at mean 33.4°C in this study. 
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5) The removal of 95% of 1,2,4-trlchlorobenzene was obtained under optimal 
conditions. Optimal conditions increased removal efficiency by about 15% 
compared to that with standard conditions of pH 8.7, 20°C solution temperature, 
1%(v/v) concentration, and 2mL/min flow rate. 
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PART III. SURFACTANT RECOVERING 
BY COUNTER-CURRENT SOLVENT EXTRACTION 
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INTRODUCTION 
Soils and groundwater at many industrial and waste deposit sites are 
contaminated by organic chemicals, especially hydrophobic compounds. The main 
causes of this problem are chemical spillage, underground chemical storage leaks, 
and poor disposal of chemical wastes (Pennell et al., 1996, 1997). Remediation 
attempts at these site have seldom provided acceptable long term results because 
generally they are slow, expensive, often provide only a temporary solution to the 
problem, and usually have a substantial negative environmental impact (Abdul and 
Ang, 1994; Edwards et al., 1994 a, b, c; Rouse et al., 1995). 
In an effort to solve this problem the EPA has mandated that remedial 
technologies which detoxify and/or reduce recontamination potential must be 
employed in future clean-up efforts (Rouse et al., 1994). Traditional remediation 
methods require digging up and removal of contaminated materials. Although not 
applicable to every situation, in-situ remediation methods are attractive, and 
promising alternative clean-up techniques (Abdul and Gibson, 1991; Abdul et al., 
1992; Abdul and Ang, 1994). In-situ methods are free of many of the common 
problems of standard remediation techniques because they reduce contamination 
without requiring material relocation, are relatively inexpensive, and usually have 
minimal environmental impact (Peters et al., 1992). The one method recommended 
by EPA is surfactant-assisted remediation (EPA, 1982). Surfactant micelles have 
hydrophobic interiors that can promote solubilization of hydrophobic organic 
compounds in bulk solution and induce desorption of these compounds from solid 
media. The bulk remediation solutions can then be treated to separate surfactants 
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and contaminants. Surfactant-assisted remediation tecliniques for removing 
hydrophobic organic compounds from soil and groundwater are now receiving much 
attention (Mcdermott et al., 1989). 
Surfactant-based remediation is not economically feasible without a means 
for surfactant recovering and recycling (Choi and Kwon, 1993; Scamehorn, 1986). 
They regarded the development of a scheme in which the surfactant solution could 
be separated from the contaminants and recycled as a crucial next step in the 
development of the surfactant flushing technique. Besides reducing the volume of 
wastewater, recycling of used surfactant solutions will help to reduce chemical costs 
for the treatment of hydrophobic organic contaminated soils and groundwater. 
Unfortunately, there is currently no practical way of recycling used surfactant 
solutions although several researchers have proposed various methods of such as 
vacuum steam strip organic extraction, micellar enhanced ultrafiltration or air 
stripping (Ang and Abdul, 1994; Lipe et al., 1996). Traditional ultrafiltration is 
ineffective at removing low molecular weight organic contaminants from water (Dunn 
et al., 1985, Kandorl and Schechter, 1990). 
This study involves investigation of counter-current solvent extraction of 
toluene and 1,2,4-trichloroben2ene from used food grade surfactant solutions. 
These lab-scale methods of separating two contaminants (toluene, and 1,2,4-
trichlorobenzene) from used aqueous surfactant solutions might be used in future 
field studies. Used solvents are also can be separated from aqueous surfactant 
solution by liquid-liquid extraction (Cusack and Glatz, 1996). The objectives of this 
study were: 1) to evaluate the technical viability of recovering the surfactant for 
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possible reuse, 2) to examine the efficiency of counter-current solvent extraction for 
separating toluene and 1,2,4-trichloroben2ene from used surfactant solutions. 
Counter-Current Solvent Extraction 
In my previous study (Lee, 1997), toluene was effectively removed from an 
anionic surfactant solution by hexane. Removal from nonionic and mixed 
anionic/nonionic solutions was less effective. Geometry of the extraction system 
was important. An convex orifice system with 4 holes was more effective than a T' 
orifice system in surfactant recycling. The convex orifice system with a hexane flow 
rate of 30 ml/min. gave maximum removal efficiency for Sandopan JA36, the anionic 
surfactant, recycling (Lee, 1997). 
In another counter-current solvent extraction study, SDS (sodium 
dodecylsulfate, an anionic surfactant) solutions containing DCB (p-dichlorobenzene) 
were satisfactorily treated by solvent extraction with hexane (Gannon et al., 1989). 
In laboratory columns DCB was effectively removed from contaminated clay loam by 
leaching with SDS solutions. The used surfactant solutions containing DCB were 
then satisfactorily treated by counter-current solvent extraction with hexane, and the 
recovered surfactant solution satisfactorily solubilized biphenyl (Clarke et al., 1991; 
Gannon et al.. 1989). Gannon et al. (1989) reported that the time required for 95% 
removal of the DCB was 3 hours with a hexane flow rate of 19mL/min. They showed 
that solvent extraction with a nonpolar organic solvent appears to be a promising 
technique for the surfactant recovering. 
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MATERIALS AND METHODS 
Organic solvents used in this study were acetone (reagent grade), hexane 
(HPLC grade), and methylene chloride (reagent grade) based on the solubility of 
target organic in these solvents. Characteristics of solvents are given in Table 21 
(Solvent Supplier Manual, 1997; The Merck Index, 1983). 
Table 21. The characteristics of solvents used in study 
Name Acetone Hexane Methylene chloride 
Empirical Formula CsHgO CeHu CH2CI2 
Formula Weight 58.08 86.17 84.93 
B.P. (°C) 56 69 40 
M.P. (°C) 
-94 -100 -95.1 
Density (g/cm^) 0.7 0.7 1.326 
A simple counter-current extraction apparatus was constructed for my 
previous study (Lee, 1997) and used in the present study. The experiments used a 
glass column 70cm high with an internal diameter of 3cm, and with a convex orifice 
system with 4 holes (4mm o.d.) at the base of the column (Figure 25). This design 
produces relatively large droplets of the counter-current solvent. The top end of 
column was closed by a rubber stopper. 
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Four percent aqueous surfactant solutions (350mL) containing the organic 
contaminant (about 9.6mL of toluene or about 11.4mL of 1,2,4-trichlorobenzene) 
were poured into the column, and a layer of woven knitted plastic (from a simple pot-
cleaner) was placed top of the surfactant solution. This layer of woven knitted 
plastic is placed in the column at the organic solvent-aqueous interface to facilitate 
coalescence of the droplets of organic solvents (Gannon et al., 1989). Initial 
concentration of organic contaminant was 260mM. The solvent (150mL) was then 
poured on top of the glass wool, the pump started, and organic solvent was cycled 
upward through the contaminated surfactant solutions. After 30 minutes, a 20mL 
sample of solution was taken for analysis. An additional 20mL of organic solvent 
was then added on top of the aqueous surfactant solution and the experiments were 
continued. All samples were taken via the sample port at the bottom of the column, 
and analyzed by GC. In this step, samples were slowly stirred magnetically for 
approximately 3-5 hours. Slow stirring was necessary to prevent the formation of 
stable emulsions of Dowfax 8390/organic solvents or SDS/organic solvents that form 
during rapid stirring. Surfactants used were Dowfax 8390 (anionic) and SDS 
(anionic). Also the effects of different organic solvent flow rates were evaluated. 
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Figure 25. The counter-current extraction apparatus w/ith convex orifice type 
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RESULTS AND DISCUSSIONS 
Toluene was most completely separated from the Dowfax 8390 surfactant 
solution using methylene chloride although the differences in effectiveness (Table 
22) were minor compared to acetone or hexane(Table D1 of Appendix D, Figure 26). 
1,2,4-trichlorobenzene was best removed from the Dowfax 8390 surfactant solution 
using hexane and methylene chloride (Table D2 of Appendix D, Figure 27), and 
acetone was slightly less effective (Table 22). With hexane as solvent, 1,2,4-
trichlorobenzene was more effective separated from the surfactant solution than was 
toluene (Table 22). 
Dowfax 8390 anionic surfactant was more effectively separated from toluene 
and 1,2,4-trichlorobenzene than was the anionic surfactant SDS (Figure 28 and 29). 
Apparantly, double headed surfactants like Dowfax 8390 are more satisfactory for 
Table 22. Organic contaminant remaining(%) after 5 hours in solution 
by counter-current extraction experiments 
Contaminant Surfactant Solvent Remaining(%) 
Toluene Dowfax 8390 Methylene Chloride 1.9 
Toluene Dowfax 8390 Acetone 9.6 
Toluene Dowfax 8390 Hexane 6.9 
1,2,4-TCB Dowfax 8390 Acetone 9.2 
1,2,4-TCB Dowfax 8390 Methylene Chloride 2.2 
1,2,4-TCB Dowfax 8390 Hexane 3.0 
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surfactant recovery. Dowfax 8390 and SDS surfactants were almost equally 
separated from toluene during the first 2 hours, but after this time Dowfax 8390 was 
more effectively removed than was SDS (Figure 28). Removal of toluene was 
greatest at 30mL/min. of methylene chloride flow rate in this experimental system, 
whereas 10mL/min. and SOmL/min. gave almost the same results (Table D3 of 
Appendix D, Figure 30). Removal of 1,2,4-trichlorobenzene was greatest at 
lOmL/min. of hexane flow rate (Table D3 of Appendix D, Figure 31). However, after 
5 hours, both lOmUmin. and 30mL/min. flow rates produced equivalent separation 
(Figure 31). 
According to my experimental results, the effectiveness of the counter-current 
extraction technique is directly related to the structure of the surfactant and nature of 
contaminant. The chemical properties of Dowfax 8390 with its double head structure 
gave better results than that of SDS. 
This study supports previous research (Clarke et al., 1991; Gannon et a!., 
1989) that counter-current solvent extraction methods may help recycle anionic 
surfactant solutions used for remediation of contaminated soil and thereby will help 
reduce costs of remediation. Recovered surfactant could be reused to improve the 
economic viability of in-situ surfactant washing of contaminated sites. The recycling 
method may provide considerable reduction in the wastewater generated in soil 
washing technology. 
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Figure 26. Toluene removal from Dowfax 8390 based on solvent 
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Figure 27.1,2,4-trichlorobenzene removal from Dowfax 8390 based on solvent 
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Figure 28. Toluene removal from surfactants by methylene chloride 
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Figure 29. 1,2,4-trichlorobenzene removal from surfactants by hexane 
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Figure 30. Toluene removal from Dowfax 8390 by methylene chloride flow rate effects 
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Figure 31.1,2,4-trichlorobenzene removal from Dowfax 8390 by hexane flow rate effects 
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CONCLUSIONS 
Based on experimental results, the conclusions for the third part of this 
research are: 
1) Toluene was most effectively removed from the Dowfax 8390 surfactant solution 
using methylene chloride, and 1,2,4-trichlorobenzene was most effectively 
removed from the Dowfax 8390 surfactant solution using hexane or methylene 
chloride. 
2) Removal of toluene was greatest at 30ml-/min. of methylene chloride flow rate 
and 1,2,4-trichlorobenzene was greatest at 10ml_/min. of hexane flow rate. 
3) The recovered surfactant solution could be reused to improve the economic 
viability of surfactant-based remediation, and counter-current solvent extraction 
methods may help to recycle anionic surfactant solutions. 
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GENERAL DISCUSSION, CONCLUSIONS, AND FUTURE STUDIES 
Surface active agents, surfactants, are widely used for solubilization 
/mobilization purposes in agriculture and industry (Wet and Hanwell 1992), and 
during the last decade, surfactants have been extensively studied for groundwater 
remediation purposes. In the present study, seven surfactants, both anionic and 
nonionic, were investigated to determine their effectiveness for the removal of two 
common industrial contaminants, toluene and 1,2,4-trichlorobenzene (TCB) from 
quartz sand and from two Iowa soils, one sandy and the other clay-rich. The most 
acceptable surfactant for potential groundwater remediation was Dowfax 8390, a 16 
carbon double head diphenyl oxide disulfonate DPDS. 
Dowfax 8390 Surfactant 
Rouse et al. (1993) concluded that Dowfax 8390 was especially suitable for 
use in groundwater remediation for many reasons. It is classified as a food grade 
surfactant, one which has FDA status as suitable for contact with foods although not 
for direct addition to foods, so that it should be accepted by regulatory agencies for 
groundwater remediation. It is rapidly biodegradable in subsurface environments so 
that surfactant molecules that are not flushed out by subsequent water injections 
should not persist long in aquifers. It is anionic and so it should be more resistant to 
sorption in clayey and sandy soils because of charge repulsion between negatively 
charged quartz and clay basal surfaces. Rouse et al. (1993) also concluded that 
geometric (steric) factors should also inhibit adsorption to inorganic soil particles, 
although they provided no documentation for that conclusion. Their research (1993) 
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showed that it is more resistant to precipitation reactions with common soil cations 
such as calcium compared to several other surfactants. Because of low sorption to 
soil particle and resistance to precipitation with soil cations, Dowfax 8390 surfactants 
should show minimal loss during surfactant flushing of an aquifer compared to 
nonionic and other anionic single polar head surfactants. 
Rouse et al. (1993) also experimentally determined that Dowfax 8390 
chemicals have good solubilizing abilities for naphthalene and related substances, 
and presumably for other hydrophobic organic molecules. Dowfax 8390 has 16 
carbons in its hydrocarbon chain, and Dunn et al. (1985) concluded that surfactants 
with 16 or more carbons typically have good solubilizing abilities for hydrophobic 
substances. As with other commonly used surfactants, Dov\rfax's solubilizing 
capacity depends inversely on the water solubility of the organic contaminants, on 
their Kow values, so that greater solubilization should also be expected for highly 
hydrophobic contaminants compared to more hydrophilic ones. Solubilization 
abilities of surfactants are also concentration dependent. Dowfax 8390 is highly 
soluble in water so that relatively large concentrations in groundwater are possible 
compared to surfactants with lower solubilities which can be used only at smaller 
concentrations and consequently may be less effective for remediation purposes. 
Dowfax surfactants were found, however, to be less effective solubilizers for 
naphthalene than several nonionic surfactants (Rouse et al., 1993). 
Another feature of Dowfax 8390 and related double head surfactants is that 
they do not produce very low interfacial tensions in concentrations above their CMC. 
Although low interfacial tensions will help flush contaminants from aquifers, Fountain 
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(1992) concluded that low IFTs may cause unwanted downward migration of 
DNAPLs from subsurface horizons in which they may have been trapped by being 
unable to migrate through small pores of a sediment layer. Low IFT may 
consequently increase contamination of underlying aquifers under some subsurface 
conditions. 
In spite of its many recognized advantages for subsurface mitigation of 
groundwater contamination, there are very few laboratory or field studies of Dowfax 
8390, and none that have experimentally compared Dowfax 8390 to other potentially 
useful surfactants under identical experimental conditions or that have explored 
factors that change its effectiveness in leaching hydrophobic contaminants from 
sediments. My computer search has discovered only two studies that are of interest 
to my present research on Dowfax 8390. Sabatini et al. (1997) and Knox et al. 
(1997) studied the effectiveness of Dowfax 8390 in removing JP4 aviation jet fuel 
and PCE from contaminated soil near Traverse City, Ml. The three identified fuel 
contaminants, all of which are resistant to biodegradation, are extremely insoluble in 
water and range between 0.54 mg/liter to 5 mg/liter aqueous solubility. In laboratory 
batch experiments using the contaminated soil obtained by coring, Sabatini et al. 
(1997) found that Dowfax 8390 was effective in removing these contaminants from 
the soils, and also that Dowfax 8390 was resistant to frothing, an important feature if 
air sparging is used in field remediation studies. They performed a single laboratory 
column study containing contaminated Traverse City sandy soil, and found that five 
pore volumes of 3.6 wt % Dowfax 8390 removed a "significant amount" of the 
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contaminants compared to pure water leaches. They did not provide details of their 
experimental methods or results. 
Knox et al. (1997) used Dowfax 8390 in field remediation studies of the 
Traverse City, Ml, contaminated soil. They found that Dowfax was more effective 
than pure water in a vertical circulation well system. Using 3.6 wt % Dowfax 8390 
solutions injected at a rate of Igpm, and followed by water flushing, PCE removal 
was enhanced about 40 fold and the JP4 jet fuel by about 90 fold compared to pure 
water flushing. 
Part I. Surfactant Removal of Contaminants 
Shaker table/centrifugation, batch desorption, and column leaching tests were 
carried out to evaluate and quantify the efficiency of selected surfactants for 
removing toluene and TCB from Ottawa sand and one Iowa soils, the quartz sand-
rich Fruitfield soil. Based on experimental results together with its food-grade status, 
Dowfax 8390 was judged to have the greatest potential for groundwater remediation. 
Of the four food grade surfactants studied here, Dowfax 8390, T-Maz 60, sodium 
dodecyisulfate (SDS), and Tween 61, Dowfax 8390 proved to be best for removing 
both toluene and TCB from Ottawa quartz sand in batch experiments (Table A1): the 
other three food grade surfactants were eliminated from further consideration on the 
basis of these batch studies. Of the two non-food grade surfactants, Sandopan 
JA36, and Pluronic L44, both proved to be as effective as Dov\rfax 8390 in batch 
experiments in removing toluene from Ottawa sand as Dowfax 8390 (Lee, 1997). In 
sequential column leach experiments, neither was as effective as Dowfax 8390 in 
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leaching toluene or TCB from the sandy Fuitfield soil. A synergistic 1:1 mixture of 
2% nonionic Pluronic L44 and 2% anionic Sandopan JA36, however, proved as 
effective as 4% Dowfax 8390 in leaching TCB from the soil. In comparison, no 
synergism was observed in like mixtures of anionic Dowfax 8390 and nonionic T-
Maze surfactants. The cause for lack of synergism between these two surfactants is 
unknown but may result from geometric factors involving the double polar head 
nature of Dov\rfax 8390. 
My experiments with a middle phase microemulsion, SDS + n-pentanol in 
column leaching of TCB from the sandy soil disclosed that this mixture was less 
effective than the anionic Dowfax 8390 or nonionic T-Maz 60 (Table B2 and B4). My 
observations of are in contrast to those of Shiau et al. (1994b, 1996) who observed 
90%-97% removal of PCE by the same microemulsion. Differences in the model 
contaminants, although TCB and PCE have similar Log Kow values, 4.02 for TCB 
and 3.40 for PCE, or experimental procedures may be responsible for the 
contradictory results. 
Sequential column leaching by 4 wt % Dowfax 8390 solutions from sandy soil 
material removed 75% toluene and 83% TCB, after five 250 ml leaches. Water 
solubility appears to be of unimportant in affecting these results - toluene is much 
more soluble (510 mg/L) than TCB (46 mg/L). Toluene is less hydrophobic (Log Kow 
= 2.69) compared to TCB (Log Kow = 4.02), however, and solubilization capacity of 
surfactants is a positive function of contaminant octanol partition coefficients. 
Consequently the degree of hydrophobicity and/or gravity effects has caused greater 
TCB leaching compared to toluene. TCB is denser than water whereas toluene is 
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less dense so that surfactant leaching may have been enhanced by downward 
sinking of the TCB through the water saturated column. 
Part II. Effects of Environmental Conditions on 
Dowfax 8390 Column Leaching 
Sequential column tests under different environmental conditions were 
performed with Dowfax 8390 and sandy Fruitfield soil material. The model 
contaminant chosen was TCB because it is more hydrophobic than the other model 
contaminant toluene, and consequently should be more suitable for surfactant 
solubilization. All of the environmental variables investigated here, pH, Na"^ counter 
ion concentration, surfactant concentration, solution temperature, soil clay 
percentage, and surfactant flow rate were found to influence leaching of TCB. The 
ratio of surfactant solution volume to contaminated soil weight also affected 
leaching. In addition, I found that downward percolating 4%Dowfax 8390 solutions 
reduced hydraulic conductivity for clay-rich soils. 
Solution hydrogen ion concentration was the an important factor in surfactant 
effectiveness, and a change in solution pH for Dowfax 8390 from its natural pH of 
8.7 to pH 10 increased TCB leaching by 16 %; the same pH changes even elevated 
effectiveness of the nonionic industrial surfactant Triton X10G by 8 % (Table C3). 
Cause of the pH effect on an nonionic surfactant is unknown, but perhaps Triton 
XI00 may contain minor amounts of a charged molecular species. Subsurface 
aquifers will rarely contain such high pH waters, and buffering of pH in surfactant 
solutions to pH 10 may prove difficult and expensive for many aquifers. If possible, 
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however, maintaining a high pH surfactant solution in field remediation is desirable 
because it will enhance contaminant removal. 
In contrast, Na"" as 2 % NaCI (wt NaCI per volume solution) had almost no 
effect on Dowfax 8390 effectiveness compared to surfactant solutions without the 
added NaCI (Table C4). I should also point out that Dowfax 8390 is considered as a 
low Na surfactant containing about 0.1% - 0.3% NaCI (Rouse et al., 1993) so that 
counter ion effects of Na"^ from the Dowfax 8390 itself should be very minor. As 
expected, an increase in surfactant concentrations also produced increased leaching 
efficiency, but only up to about 4% Dowfax 8390. There was a slight decrease in 
effectiveness at higher concentrations (Table C6), perhaps due to excess frothing or 
other pore plugging effects. 
Solution temperatures were also important. Because I had no facilities for 
maintaining column temperatures, the temperatures reported in this study are the 
averages of the effluent temperatures during sequential 250ml leach volumes had 
passed through the Fruitfield soil column. Intermediate temperatures, as shown by 
the greatest effectiveness of 33.6°C average temperature compared to lower and 
higher temperatures appear to most enhance surfactant leach capacity. A change in 
average temperature of 26°C, from 7.6°C to 33.6°C, increased effectiveness by 30% 
(Table C8). Because soil temperatures typically are cooler than the room 
temperatures used for most of my experiments, it is evident that Dowfax 8390 
effectiveness will degrade in site remediation compared to that observed in my 
experiments because of temperature effects. 
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Probably the most important environmental parameter investigated here was 
the percentage sand to clay in the column fill, as determined by the changing the 
ratio of Fruitfield sandy soil to Webster clay soil in the mixture filling the leach 
column. A change from 2:1 ratio of Fruitfield soil to Webster soil to a ratio of 5:1, 
thereby changing the sand : clay ratio from about 4.6 to about 11.1, increased leach 
effectiveness by 63%, from about 52% TCB removal to 85% (Table C9). Even 
neglecting permeability effects, these results show that sandy soils are more suitable 
for surfactant remediation than clay soils because of clay sorption reduces surfactant 
effectiveness, even though Dowfax 8390 is less sorbed to clay than many other 
surfactants (Rouse et al., 1993). 
Clay rich soils are also less suitable candidates for surfactant remediation 
because of the effects of surfactant solutions on hydraulic conductivity. In my 
experiments I observed a hydraulic conductivity decrease after passing 4% Dowfax 
8390 solutions though the soil columns. A reduction of 18% occurred in the column 
filled with the clay-rich Webster soil, and of 5% in the sandy Fruitfield soil after two 
pore volumes of surfactant solutions had passed through the soils (Table CI). In 
clay-rich soils, especially, the effect of proposed surfactants on hydraulic 
conductivity must be investigated before commencing remediation efforts because 
surfactant flushing may actually decrease aquifer and soil permeability. 
Based on my study of environmental effects on Dowfax 8390 effectiveness, I 
found that optimal conditions are: 
Surfactant solution of pH = 10; Dowfax 8390 concentration of 4% (v/v), 
intermediate solution temperatures, near 35°C, a surfactant flow rate of 4mLymin, 
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and a surfactant solution to soil weight ratio of 4. The removal of TCB was 
increased by 15% using optimal conditions, from 83% under standard room 
temperature and unadjusted pH conditions (Table B2) to 95% under optimal 
conditions (Table C12). For a comparison of other environmental effects studies to 
those of the present investigation, refer to Table 23. 
Part III. Surfactant Recovering Experiments 
For potential recovering of used surfactants, the counter-current experiments 
showed that toluene was most effectively removed from the Dowfax 8390 surfactant 
solution using methylene chloride, and 1,2,4-trichlorobenzene was most effectively 
removed from the Dowfax 8390 surfactant solution using hexane or methylene 
chloride. In another counter-current solvent extraction study, Gannon et al. (1989) 
reported that the times required for 95% removal of the DCB from SOS surfactant 
solutions were 3 hours with hexane flow rates of 19mL/min. In this study removal of 
toluene was greatest at 30mL/min of methylene chloride flow rate and 1,2,4-
trichlorobenzene was greatest at 10mL/min of hexane flow rate. The times required 
for 98% removal of the toluene or 1,2,4-trichlorobenzene were 5 hours with 
methylene chloride flow rates of 30mL/min or with hexane flow rates of lOmL/min, 
respectively. The recovered surfactant solution could be reused to improve the 
economic viability of surfactant-based remediation, and counter-current solvent 
extraction methods may help to recycle anionic surfactant solutions (Lee, 1997). 
Table 23. The determined optimal environmental conditions in surfactant-based removal of hydrophobic organic 
Environmental Factor Optimal Conditions Model Organic References 
Ellis et al. (1985)' 
Pennell et al. (1994)^ 
This study 
Solution concentration (%(v/v)) 2 
4 
4 
PCB 
PCE 
1.2.4-TGB 
Solution temperature (°C) 60-80 
25-30 
33.4 (mean value) 
TCE 
PCB 
1.2.4-TCB 
Joshl and Lee (1996)^ 
Shiau et al. (1994)^ 
This study 
Solution flovtf rate (mUmin) 2 
4 
Toluene 
1.2,4-TCB 
Lee (1997)® 
This study 
Solution volume to soil weight 4 
4 
TCE 
1.2.4-TCB 
Joshi and Lee (1996) 
This study 
Used surfactants = 1; Adsee 799 (nonionic), 2: POE(20) sorbitan monooleate (nonionic). 3; Igepal CA-720 (nonionic), 
4: SMDNS (anionic), 5: Pluronic L44 (nonionic). Sandopan JA36 (anionic) 
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Future Studies 
The use of surfactants for in-situ washing techniques is still in the 
development stage because (1) biological toxicity of surfactants remaining in the 
field, (2) lack of consistent field application of surfactant-aided remediation (Sabatini 
et al., 1997). Recommendations for future investigations in surfactant-based 
remediation are; 
1) The investigation of surfactant loss factor (precipitation, adsorption) to soil 
particles. Knox et al. (1997) reported that there a number of factors involved in 
surfactant behavior that can be anticipated as potentially reducing the 
surfactant's ability to remove a contaminant. Ionic surfactants especially have a 
potentially important problem of losses by precipitation (Rosen, 1989). 
2) The investigation of the pore plugging due to clay swelling. In addition, liquid 
crystal formation problem should be investigated in detail. Arocha et al. (1996) 
showed that surfactants may fonn liquid crystals which may clog pores at high 
concentration. 
3) The investigation of relationship between surfactant and microbes in soil. Still 
comparatively little is known about certain aspects such as microscale 
phenomena governing surfactant interactions with soils. 
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APPENDIX A 
RESULTS OF SHAKER / CENTRIFUGATION EXPERIMENTS 
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Table A1. Cumulative amount of recovered toluene with shaker table/centrifugation 
experiments using Ottawa sand and 4% surfactant 
Treatment 1S 1S + 1W 1S + 2W 
Repl.1 Repl.2 Mean Repl.1 Repl.2 Mean Repl.1 Repl.2 Mean 
T-Maz 60 2100' 2234 2167 2300 2296 2298 2401 2367 2384 
Removal'' 50 53 55 
SDS 1920 1982 1951 2000 2074 2037 2008 2067 2038 
Removal 45 47 47 
Dow 8390 2600 2516 2558 2801 2747 2774 2800 2836 2818 
Removal 59 64 65 
Tween61 1700 1768 1734 1800 1754 1777 1900 1828 1864 
Removal 40 41 43 
a = Based on initial contaminant of 4335 mg 
b = Percent 
S = Surfactant 
W = Deionized water 
Repl. = Replicate 
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Table A2. Cumulative amount of recovered 1,2,4-trichlorobenzene with 
shaker table/centrifugation experiments using Ottawa sand and 
4% surfactant 
Treatment 1S 1S+1W 1S + 2W 
Repl.1 Repl.2 Mean Repl.1 Repl.2 Mean Repl.1 Repl.2 Mean 
T-Maz 60 3909^ 4089 3999 3911 4087 3999 4200 4234 4217 
Removal'' 55 55 58 
SDS 3598 3672 3635 3630 3640 3635 3642 3629 3636 
Removal 50 50 50 
Dow 8390 4803 4649 4726 5006 4882 4944 5401 5505 5453 
Removal 65 68 75 
Tween61 3300 3244 3272 3500 3334 3417 3700 3570 3635 
Removal 45 47 50 
a = Based on initial contaminant of 7270 mg 
b = Percent 
S = Surfactant 
W = Deionized water 
Repl. = Replicate 
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Table A3. Removal(%) of toluene by washing with a 4% aqueous surfactant 
solution in shaker table / centrifugation experiments on Fruitfield soil 
Treatment IS' 1S+1W 1S+2W 
Water W 11 13 
Dowfax 8390 51 55 57 
Mix.* 45 48 51 
a = Mean of duplicate tests 
b = Based on initial contaminant of 4335 mg 
S = Surfactant solution 
W = Deionized water wash 
Mix.* = Mixture of 2% each of Dowfax 8390 and T-Maz 60 
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Table A4. Removal(%) of 1,2,4-trichlorobenzene by washing with a 
4% aqueous surfactant solution in shaker table / centrifugation 
experiments on Fruitfield soil 
Treatment IS® 1S + 1W 1S + 2W 
Water 7® 9 9 
Dowfax 8390 65 68 71 
Mix.* 50 50 52 
a = Mean of duplicate tests 
b = Based on initial contaminant of 7270 mg 
S = Surfactant solution 
W = Deionized water wash 
Mix.* = Mixture of 2% each of Dowfax 8390 and T-Maz 60 
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Table A5. Toluene concentration(pM) change in aqueous phases in batch 
desorption tests 
Time 
(Min.) 
ig 3g 5g 
5 2® 5 15 
10 5 9 18 
30 5 12 21 
60 7 12 25 
180 7 15 25 
300 7 18 25 
420 7 18 30 
540 7 18 30 
660 7 18 30 
a = Mean of duplicate tests 
Initial contaminant concentration in batch desorption tests 
was lOOnrig toluene / kg Fruitfield sand. 
Surfactant was 4%(v/v) Dowfax 8390 
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Table A6. Toluene concentration(pM) change in aqueous phases in batch 
desorption tests 
Time 
(Min.) 
ig 3g 5g 
5 23 3 5 
10 4 3 5 
30 4 9 12 
60 4 9 13 
180 4 12 18 
300 6 12 20 
420 6 12 20 
540 7 15 20 
660 7 15 20 
a = Mean of duplicate tests 
Initial contaminant concentration in batch desorption tests 
was 100mg toluene I kg Fruitfield sand. 
Surfactant was 2%(v/v) Dowfax 8390 + 2%(v/v) T-Maz 60 
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Table A7. 1,2,4-trichlorobenzene concentration(pM) change 
in aqueous phases in batch desorption tests 
Time 
(Min.) 
1 g 3g 5g 
5 2" 11 25 
10 6 14 26 
30 9 18 28 
60 11 20 32 
180 11 24 36 
300 11 27 40 
420 11 27 45 
540 11 27 45 
660 11 27 45 
a = Mean of duplicate tests 
Initial contaminant concentration in batch desorption 
tests was 200mg 1,2,4-trichlorobenzene / kg Fruitfield sand. 
Surfactant was 4%(v/v) Dowfax 8390 
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Table A8.1,2,4-Trichloroben2ene concentration(pM) change 
in aqueous phases in batch desorption tests 
Time 
(Min.) 
1 g 3g 5g 
5 23 10 15 
10 6 10 15 
30 8 17 22 
60 8 17 22 
180 8 17 22 
300 10 24 28 
420 10 24 30 
540 10 24 30 
660 10 27 30 
a = Mean of duplicate tests 
Initial contaminant concentration in batch desorption 
tests was 200mg 1,2,4-trichlorobenzene / kg Fruitfield sand. 
Surfactant was 2%(v/v) Dowfax 8390 + 2%(v/v) T-Maz 60 
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APPENDIX B 
RESULTS OF SEQUENTIAL LEACHING TEST BY PUMPING 
FOR LEACH EFFECTIVENESS 
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Table B1. Toluene removal by sequential leaching with 4 % aqueous 
surfactant in Fruitfield soil 
Leaching number 
and leaching agent 
Volume of 
leachate 
collected (ml) 
Cumulative amount of 
contaminant (mg) 
Repl. 1 Repl. 2 Mean 
Percent of 
contaminant 
recovered® 
1 Dowfax 8390 250 1760 1794 1777 41 
Mix. 250 1382 1392 1387 32 
Water 250 0430 0438 0434 10 
2 Dowfax 8390 250 2470 2471 2471 57 
Mix. 250 1418 1442 1430 33 
Water 250 0530 0540 0520 12 
3 Dowfax 8390 250 2800 2836 2818 65 
Mix. 250 1850 1878 1864 43 
Water 250 0700 0687 0693 16 
4 Dowfax 8390 250 2980 2828 2904 67 
Mix. 250 1940 1960 1951 45 
Water 250 0831 0818 0824 19 
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Table B1 (continued) 
Leaching number Volume of Cumulative amount of Percent of 
and leaching agent leachate contaminant (mg) contaminant 
collected (ml) Repl. 1 Repl. 2 Mean recovered® 
5 Dowfax 8390 250 3250 3251 3251 75 
Mix. 250 2075 2086 2081 48 
Water 250 1340 1348 1344 31 
a = Based on initial contaminant of 4335 mg and mean value of duplicate tests 
Mix. = Mixture of 2 % nonionic T-Maz 60 and 2 % anionic Dowfax 8390 surfactant 
Repl. = Replicate 
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Table B2.1,2,4-trichlorobenzene removal by sequential leaching with 
4 % aqueous Food grade surfactant in Fruitfleld soil 
Leaching number 
and leaching agent 
Volume of 
leachate 
collected (ml) 
Cumulative amount of 
contaminant (mg) 
Repl. 1 Repl. 2 Mean 
Percent of 
contaminant 
recovered® 
1 Dowfax 8390 250 3420 3414 3417 47 
T-Maz 60 250 3630 3639 3635 50 
Mix. 250 2470 2474 2472 34 
Water 250 0363 0365 0364 05 
2 Dowfax 8390 250 4363 4360 4362 60 
T-Maz 60 250 3989 4008 3999 55 
Mix. 250 2830 2840 2835 39 
Water 250 0579 0584 0581 08 
3 Dowfax 8390 250 4730 4722 4726 65 
T-Maz 60 250 4361 4362 4362 60 
Mix. 250 3190 3208 3199 44 
Water. 250 0580 0582 0581 08 
4 Dovirfax 8390 250 5530 5520 5525 76 
T-Maz 60 250 5407 5206 5307 73 
Mix. 250 3270 3273 3272 45 
Water 250 0579 0584 0582 08 
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Table B2 (continued) 
Leaching number Volume of Cumulative amount of Percent of 
and leaching agent leachate contaminant (mg) contaminant 
collected (ml) Repl. 1 Repl. 2 Mean recovered® 
5 Dowfax 8390 250 6040 6028 6034 83 
T-Maz 60 250 5518 5386 5452 75 
Mix. 250 3850 3856 3853 53 
Water 250 0725 0729 0727 10 
a = Based on initial contaminant of 7270 mg and mean value of duplicate tests 
Mix. = Mixture of 2 % nonionic T-Maz 60 and 2 % anionic Dowfax 8390 surfactant 
Repl. = Replicate 
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Table B3. 1,2,4-trichlorobenzene removal by five sequential leaches 
with 4% aqueous Industrial chemical surfactant in Fruitfield soil 
Leaching number 
and leaching agent 
Volume of 
leachate 
collected (ml) 
Cumulative amount of 
contaminant (mg) 
Repl. 1 Repl. 2 Mean 
Percent of 
contaminant 
recovered® 
1 Sandopan JA36 250 3110 2996 3053 42 
Pluronic L44 250 2830 2840 2835 39 
Mix. 250 3480 3500 3490 48 
2 Sandopan JA36 250 3400 3144 3272 45 
Pluronic L44 250 2831 2695 2763 38 
Mix. 250 3990 4008 3999 55 
3 Sandopan JA36 250 3499 3481 3490 48 
Pluronic L44 250 2910 2905 2908 40 
Mix. 250 4600 5288 4944 68 
4 Sandopan JA36 250 3915 4663 4289 50 
Pluronic L44 250 3267 3276 3272 45 
Mix. 250 5600 5742 5671 78 
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Table B3 (continued) 
Leaching number Volume of Cumulative amount of Percent of 
and leaching agent leachate contaminant (mg) contaminant 
collected (ml) Repl. 1 Repl. 2 Mean recovered® 
5 Sandopan JA36 250 5500 4678 5089 70 
Pluronic L44 250 3630 3639 3635 50 
Mix. 250 6018 5904 5961 82 
a = Based on initial contaminant of 7270 mg and mean value of duplicate tests 
Mix. = Mixture of 2 % nonionic Pluronic L44 and 2 % anionic Sandopan JA36 
Repl. = Replicate 
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Table B4.1,2,4-trichlorobenzene removal by sequential leaching 
with microemulsifiers* 
Washing Volume of Cumulative amount of Percent of 
Number Leachate Contaminant (mg) contaminant 
Collected (ml) Repl. 1 Repl. 2 Mean recovered® 
1 250 3600 3660 3630 50 
2 250 4390 4350 4370 60 
3 250 4480 4560 4520 62 
4 250 5100 5070 5085 70 
5 250 5100 5080 5090 70 
® = Based on initial contaminant of 7270 mg and mean value of duplicate tests 
Repl. = Replicate 
* = SDS + n-pentanol 
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APPENDIX C 
RESULTS OF SURFACTANT-BASED EXPERIMENTS 
WITH ENVIRONMENTAL VARIABLES 
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Table C1. Saturated hydraulic conductivity variation with 4% Dowfax 8390 
Soil Name 0.5^ 1 1.5 2 2.5 
Fruitfield" 
Webster® 
2.02E-2 
1.01E-3 
2.01 E-2 
0.98E-3 
1.99E-2 
0.92E-3 
1.91 E-2 
0.86E-3 
1.91 E-2 
0.86E-3 
a = Pore volume of aqueous surfactant 
b = Water saturated hydraulic conductivity is 2.02E-2 
c = Water saturated hydraulic conductivity is 1.07E-3 
1 pore volume of Fruitfield soil column is 222.68cm^ 
1 pore volume of Webster soil column is 239.70cm^ 
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Table C2. pH value of surfactant solution based on added NaOH volume 
Surfactant Surfactant Sample Added NaOH Measured pH value of 
Name Volume (ml) Volume (fil)® Surfactant Solution 
Sandopan JA36 100 0° 3.00 
(4%v/v) 350 3.89 
650 7.20 
750 8.70 
770 10.00 
940 11.01 
Triton XI00 100 0 7.20 
(4%v/v) 30 8.70 
50 9.16 
70 9.48 
120 10.00 
450 11.00 
Dowfax 8390 125 0 8.70 
(4%v/v) 60 9.54 
140 10.00 
260 10.53 
540 11.00 
a = 
b = 
10% NaOH (2.5 M) 
No added NaOH 
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Table C3. Effect of surfactant solution pH on removal ot 1,2,4-TCB from 
Fruitfield soil 
Surfactant pH Removal efficiency of 1,2,4-
trichlorobenzene(%)® 
4%(v/v) Dowfax 8390 08.7 79 
10.0 92 
11.0 88 
4%(v/v) Sandopan JA36 03.0 74 
07.2 76 
08.7 80 
10.0 83 
11.0 81 
4%(v/v) Triton X100 07.2 74 
08.7 75 
10.0 81 
11.0 80 
Total volume of leaching agent used pumping was 1250 ml. 
a = Based on initial contaminant of 7270 mg and mean value of duplicate tests 
Pumping rate = 3 ml/min. 
pH adjusted with NaOH 
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Table C4. Effect of counter-ion in removal of 1,2,4-TCB by 4% Dowfax 8390 
from Fruitfield soil 
Cumulative volume of Amount of contaminant (mg) Removal efficiency of 
leaching liquid (ml) Repl. 1 Repl. 2 Mean 1,2,4-tnchlorobenzene 
Surfactant only 
250 3440 3540 3490 48 
500 3560 3563 3562 49 
750 4309 4415 4362 60 
1000 5700 5786 5743 79 
1250 5777 5999 5888 81 
Surfactant + 2% NaCI 
250 (200+50)" 3500 3624 3562 49 
500 (400+100) 3530 3596 3563 49 
750 (600+150) 4846 4022 4434 61 
1000 (800+200) 5556 5638 5597 77 
1250 (1000+250) 5904 6018 5961 82 
a = Based on initial contaminant of 7270 mg 
b = Mass of Na"" ion is 0.39g (=50mL x (2g/100mL)x (23/58.5)) 
Repl. = Replicate 
Pumping rate = 3 ml/min 
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Table C5. The effects of Na"^ counter-ions on 1,2,4-TCB leaching 
from Fruitfield soil 
Surfactant Amount of added NaCI Removal of 1,2,4-
(ml)^ trichlorobenzene(%)'' 
4%(v/v) Dowfax 8390 0 80 
1.4* 80 
5.4 82 
4%(v/v) Sandopan JA36 0 75 
8.1 75 
9.4 76 
9.7* 79 
11.2 79 
4%(v/v) Triton XI00 0 75 
0.4 75 
1.5* 76 
5.6 76 
Total volume of leaching agent used pumping was 1250 ml 
a = 2.5 M NaCI (146.1 g/1000 ml) and this value was same as moles of used 
NaOH in pH effect experiments 
b = Based on initial contaminant of 7270 mg, and mean value of duplicate tests 
Pumping rate was 3 ml/min 
* = pH 10 Na"" (= (1.4ml/1250ml) x 2.5 mol/L x 23g/mol = 0.064g/L Na^) 
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Table C6. Effect of Dowfax 8390 anionic surfactant concentration 
on removal of 1,2,4-TCB from Fruitfield soil 
Surfactant Amount of contaminant after five Removal efficiency of 
concentration times leaching (mg) 1,2,4-trichloroben2ene 
(% v/v) Repl. 1 Repl. 2 Mean (%)® 
0 (water) 0805 0796 0801 11 
1 4215 4218 4217 58 
2 4700 4752 4726 65 
4 5962 5960 5961 82 
6 5719 5767 5743 79 
8 5720 5780 5750 79 
Total volume of leaching agent was 1250 ml 
a = Based on initial contaminant of 7270 mg 
Repl. = Replicate 
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Table C7. Effect of Sandopan JA36 anionic surfactant concentration 
on removal of 1,2,4-TCB from Fruitfield soil 
Surfactant Amount of contaminant after five Removal efficiency of 
concentration times leaching (mg) 1,2,4-trichloroben2ene 
(% v/v) Repl. 1 Repl. 2 Mean (%)^ 
1 4577 4583 4580 63 
2 5450 5454 5452 75 
4 5682 5658 5670 78 
6 5684 5706 5695 78 
8 5610 5752 5681 78 
Total volume of leaching agent was 1250 ml 
a = Based on initial contaminant of 7270 mg 
Repl. = Replicate 
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Table C8. Effect of surfactant solution temperature 
on removal of 1,2,4-TCB from Fruitfield soil 
Average Amount of contaminant after five time Removal 
temperature (°C)* leaching (mg) efficiency of 1,2,4-
of surfactant Repi. 1 Repi. 2 Mean trichlorobenzene 
solution (%)® 
5010 5022 5016 69 
19.4 6103 6111 6107 84 
33.4 6540 6546 6543 90 
46.6 5440 5466 5453 75 
* = data come from Appendix J 
Total volume of leaching agent was 1250 ml 
a = Based on initial contaminant of 7270 mg 
Surfactant was 4% Dowfax 8390 
Repi. = Replicate 
154 
Table C9. Effect of Fruitfield sandy soil: Webster clay loam ratio 
on removal of 1,2,4-TCB from soil mixture 
Cumulative 
amount of 
surfactant (ml) 
Two: One 
(65:21:14)* 
Three : One 
(70:20:10) 
Four: One 
(74:18:8) 
Five : One 
(78:15:7) 
250 20** 35 48 48 
500 29 46 55 65 
750 40 59 70 78 
1000 47 65 80 84 
1250 52 80 83 85 
* sand ; silt: clay weight ratio of soil samples 
a = Amount of contaminant recovered (%) and initial contaminant of 7270 mg 
Pumping rate = 3 ml/min. 
** = mean of duplicate values 
Surfactant was 4% Dowfax 8390 
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Table C10. Effect of 4% Dowfax 8390 surfactant solution flow rate 
on removal of 1,2,4-TCB fronn Fruitfieid soli 
Cumulative 
amount of 
surfactant (ml) 
1 ml/min 2 ml/min 4 ml/min 8 ml/min 16 ml/min 
250 40' 45 45 45 30 
500 48 60 64 45 45 
750 50 67 70 50 48 
1000 60 80 80 55 55 
1250 60 82 80 60 58 
a = Amount of contaminant recovered (%) and initial contaminant of 7270 mg, 
and mean of duplicate values 
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Table C11. Effect of 4% Dowfax 8390 surfactant solution volume to 
Fruitfield soil weight ratio 1:1to 5:1 (v/w) on removal of 
1,2,4-TCB by column leaching tests 
Surfactant Amount of contaminant (mg) Removal efficiency of 
leaching solution 1,2,4-trichloroben2ene 
volume to soil 
weight ratio (v/w) Repl.1 Repl. 2 Mean 
1:1° 2758 2768 2763 38 
2:1 5010 5022 5016 69 
3:1 5900 5732 5816 80 
4:1 6649 6727 6688 92 
5:1 6651 6729 6690 92 
a = Based on initial contaminant of 7270 mg 
1 : l''(v/w) = 350 ml: 350 g 
Pumping rate = 3 ml/min. 
Repl. = Replicate 
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Table C12.1,2,4-trichlorobenzene removal by sequential leaching 
at optimal environmental conditions (pH 10, 34°C mean 
temperature, 4%(v/v), 4mL/min flow rates) 
Cumulative of leaching Amount of contaminant (mg) Removal of 
agent (ml) 1,2,4-
Repl. 1 Repl. 2 Mean trichlorobenzene 
(%r 
Water 250 0715 0735 0725 10 
Dowfax8390 250 3490 3489 3490 48 
Water 500 0720 0730 0725 10 
Dowfax8390 500 4360 4364 4362 60 
Water 750 1020 1016 1018 14 
Dowfax8390 750 5600 5742 5671 78 
Water . 1000 1024 1012 1018 14 
Dowfax8390 1000 6700 6676 6688 92 
158 
Table CI2 (continued) 
Removal of 
1,2,4-
trichlorobenzene 
i%r 
Water 1250 1024 1016 1020 14 
Dowfax8390 1250 6900 7003 6907 95 
a = Based on initial contaminant of 7270 mg 
Repl. = Replicate 
Surfactant was Dowfax 8390 
Cumulative of leaching Amount of contaminant (mg) 
agent (ml) 
Repl. 1 Repl. 2 Mean 
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APPENDIX D 
RESULTS OF COUNTER-CURRENT SOLVENT EXTRACTION 
EXPERIMENTS FOR SURFACTANT RECYCLING 
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Table D1. Toluene concentration in aqueous surfactant solution 
by counter-current extraction 
Surfactant Solvent 0.5 hour 1 hour 2 hours 3 hours 5 hours 
Dowfax Acetone 220 195 120 45 25 
8390 
Dowfax Hexane 215 180 120 40 18 
8390 
Dowfax Methylene 215 170 110 35 5 
8390 Chloride 
SDS Acetone 225 200 180 95 60 
SDS Hexane 220 190 160 75 31 
SDS Methylene 220 185 114 50 25 
Chloride 
Initia toluene concentration was 260 mM on sample solution. 
Solvent flow rate = 30 mL/min. 
Lower values indicate better organic extraction by solvent 
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Table D2.1,2,4-Trichlorobenzene concentration in aqueous surfactant solution 
by counter-current extraction 
Surfactant Solvent 0.5 hour 1 hour 2 hours 3 hours 5 hours 
Dowfax Acetone 210 185 145 68 24 
8390 
Dowfax Hexane 220 178 130 38 6 
8390 
Dowfax Methylene 210 180 125 40 8 
8390 Chloride 
SDS Acetone 220 200 190 90 50 
SDS Hexane 225 180 150 70 25 
SDS Methylene 225 200 180 90 34 
Chloride 
Initial 1,2,4-trichlorobenzene concentration was 260 mM on sample solution. 
Solvent flow rate = 30 mUmin. 
Lower values indicate better organic extraction by solvent 
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Table D3. Model organic concentration in aqueous surfactant solution 
by counter-current extraction based on solvent flow rate 
Solvent Model Used Solvent 12 3 5 
Flow Rate Hydrophobic hour hours hours hours 
(ml /nnin.) 
10 Toluene Methylene Chloride 170 130 68 30 
10 1,2,4-TCB Hexane 160 110 12 5 
10 1,2,4-TCB Methylene Chloride 170 135 50 30 
30 Toluene Methylene Chloride 170 110 35 5 
30 1,2,4-TCB Hexane 178 130 38 6 
30 1,2,4-TCB Methylene Chloride 180 125 40 8 
50 Toluene Methylene Chloride 190 130 69 40 
50 1,2,4-TCB Hexane 200 140 70 25 
50 1,2,4-TCB Methylene Chloride 200 150 75 35 
Anionic surfactant (Dowfax 8390) was used, and an initial concentration of 
contaminant was 260 mM. 
Lower values indicate better organic extraction by solvent. 
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APPENDIX E 
MATERIALS AND METHODS FOR SOXHLET EXTRACTION 
1. Purpose of soxhiet extraction 
Soxhiet extraction method is a procedure for extracting semi-volatile organic 
compounds from soil samples. Soxhiet extraction method 3540 (Test Methods for 
Evaluating Solid Waste, SW-846, 1982) was used for Part I study. Extractants were 
concentrated using Kuderna-Danish evaporators and analyzed by gas 
chromatography. 
2. Summary of Method (Method 3540) 
The soil sample contaminated with either toluene or 1,2,4-trichlorobenzene is 
mixed with anhydrous sodium sulfate, placed in an extraction thimble and 
extracted using an appropriate solvent (methylene chloride) in a soxhiet 
extractor. All work was conducted in Organic Chemistry Laboratory of Iowa State 
University. I would like to express appreciation to the members of this laboratory. 
3. Apparatus and Materials 
(1) Soxhiet extractor: 40 mm I.D., with 500 mL round-bottom flask 
(2) Drying column; 20 mm I.D. Pyrex chromatographic column with Pyrex glass 
wool at bottom and a Teiflon stopcock. 
(3) Kuderna-Danish (K-D) apparatus: Concentrator tube (10 mL) (Kontes K-
570050-1025), Evaporation flask (500 mL) (Kontes K-570001-500), Snyder 
column (Three-ball macro, Two-ball macro). 
(4) Boiling chips. 
(5) Water bath. 
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(6) Vials. 
(7) Glass or paper thimble or glass wool. 
(8) Heating mantle. 
(9) Syringe 
4. Extraction solvents: Methylene chloride 
5. Exchange solvents: Hexane 
6. Procedure 
(1) Blend of 5g of the soil sample with 5g of anhydrous sodium sulfate and place in 
an extraction thimble. The extraction thimble must drain freely for the duration of 
the extraction period. 
(2) Place 150mL of the extraction solvent (methylene chloride) into a 500mL round-
bottom flask containing two clean boiling chips. Attach the flask to the extractor 
and extract the sample for 12 hr. 
(3) Allow the extract to cool after the extraction is complete. 
(4) Assemble a Kuderna-Danish (K-D) concentrator by attaching a 10mL 
concentrator tube to a 500mL evaporation flask. 
(5) Collect the dried extract in a K-D concentrator. Concentrate using Snyder 
column and K-D apparatus. 
(6) Analyze using techniques as described in section on gas chromatography 
analysis. 
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APPENDIX F 
DETERMINATION OF RESPONSE FACTOR, LINEARITY RANGE 
AND CONCENTRATIONS FOR GAS CHROMATOGRAPHY ANALYSIS 
Prior to analysis of sample extracts, the linearity of detection for the internal 
standards and compounds of interest were demonstrated. These compounds were 
analyzed at a minimum of three concentrations over the range of interest and 
response factors generated for each concentration (Ellis et al., 1985; Rajput, 1988; 
Peters et al., 1992). 
RF = Qc/A 
Where RF = Response factor in ng of organic compound per GC area count; Qc = 
Quantity of the organic compound on the GC column (concentration of standard in 
ng / nL X injection volume in ixL); A = GC area count. 
After having detemiined the response factor, a calibration graph was 
prepared where the amount (Q) was plotted against the GC area (A). Using this 
method, the linear range of detection for the internal standard and the organic 
compounds of interest were detennined and all sample extracts were analyzed 
within this range. If an extract was too concentrated or dilute it was adjusted to a 
concentration which is in the linear detector response range. If too concentrated it 
was diluted with hexane to bring it into the proper range. If too dilute it was adjusted 
by hexane distillation. All sample analyses were conducted in Organic Chemistry 
Laboratory of Iowa State University. 
During analyses of a sample, the sample weight or volume was determined 
and a known amount internal standard was added to the sample. 
I 
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Determination of the concentration of organic compounds in a sample was 
obtained using the following equation; 
C = (AP X QIS X RFP) / (V X A! X RFI) 
Where: C = concentration of the target organic in the aqueous leachate (ng / L) 
AP = integrated area under the peak for the target organic of interest in the 
sample extract 
Al = integrated area under the peak for the internal standard in the sample 
extract 
RFP = response factor for the target organic 
QIS = quantity of internal standard (in ng) added to the sample extract 
RFI = response factor for the internal standard 
V = volume of aqueous leachate analyzed (in liters) 
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APPENDIX G 
CALCULATION EXAMPLE OF SAMPLE CONCENTRATION 
From GC data, GO area ratio; 28 / 72 = 0.39 
From standard curve: 0.39 = 0.0693 + 0.846x, Therefore x = 0.379 
So, 0.379 = (Toluene concentration) / (3.3 x 10"^), where 3.3 xlO"^ (M) is 
ethylbenzene (internal standards) concentration. This value was fixed. 
So, toluene concentration = 1.251 x 10"^ (M). 
This sample was actually diluted 100 times, so real concentration is 1.251 x 10"* 
100= 1.251 x 10-2 (M). 
Total sample volume; 500 ml (hexane + toluene) 
Toluene formula weight; 92.14, toluene density; 0.865 g/mL 
So, g 792.14 = mol = MX V = 1.251 x 10-^x500/1000 
Basic Equation; M = mol / V(L) = (g /F.W.) / V(L) 
Therefore, toluene mass in a sample; g = 1.251 x 10'^ x (500 /1000) x 92.14 = 0. 
g. Also V = Mass / density = 0.58 g / 0.865 (g/mL) = 0.67 (mL). 
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APPENDIX H 
DETERMINATION OF PHYSICAL PROPERTY FROM WEBSTER SOIL COLUMN 
USED IN HYDRAULIC CONDUCTIVITY EFFECT TEST 
1. Soil weight: 521.69g (prepared soil). 
2. (Soil + Water) weight: 570.96g: I added water to soil, to about 10% of soil weight. 
Therefore, sample soil can be easily packed. Also I used wax as a liner for column 
(Figure 1 of Appendix H). 
3. Column soil: 376.79g - 7.98g (paper weight: I used paper for soil packing) = 
368.81g. 
4. Constructed (packing) soil column: Soil column Length: 14.7cm, Soil column 
diameter: 5.8cm. Therefore, Area: 26.42 cm^. Volume: 388.39cm^ 
5. Bulk density (pb): (368.81 g)/(388.39cm^) = 0.95 g/cm^ 
6. Porosity (e): 0.642 (because, 1-(0.95/2.65) = 0.642) (assume) particle density (ps) 
= 2.65g/cm^) (s = 1- (pb/ps)). Therefore, if 100% saturated then 1 pore volume will 
be 249.35cm^ (= 388.39 x 0.642 = 249.35) 
7. However, actually weight of soil column (soil + column) before saturation was 
840.28g and weight of soil column after saturation was 1079.98g. Therefore, water 
content after saturation was 239.70g (=1079.98 - 840.28). So I can estimate that 
the water content after saturation of the tested soil column is 96.13% (= 
(239.70/249.35) x 100) and air content of tested soil column is 3.87% (= 100 -
96.13). So the soil was not fully saturated. 
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Soil 
Wax 
: ^  Wax 
Ceramic Plate 
Figure 1. Schematic diagram of used column in test of hydraulic conductivity 
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APPENDIX I 
SATURATED HYDRAULIC CONDUCTIVITY (Ks) TEST DATA 
AND CALCULATION 
(Constant Head Test) 
Before Surfactant Solution Applied (=Just Water Applied) 
Date Time Numbers of Measured Time (s) Weight of Water 10 Drops 
Water Drops (9) 
8:10 20 32 1.26 
9:30 20 35 1.26 
13:00 20 35 1.26 
16:00 20 36 1.26 
18:30 20 38 1.26 
19:00 20 40 1.26 
19:25 20 42 1.26 
19:50 20 43 1.25 
20:30 20 43 1.25 
21:10 20 44 1.25 
22:00 20 46 1.25 
23:00 20 50 1.25 
9:30 20 72 1.24 
10:20 20 73 1.24 
10:50 20 74 1.24 
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11:30 20 74 1.24 
12:00 20 75 1.24 
13:10 20 76 1.24 
14:00 20 77 1.24 
14:30 20 78 1.24 
14:50 20 80 1.24 
15:20 20 80 1.24 
16:00 20 80 1.24 
17:00 20 80 1.24 
18:10 20 80 1.24 
Q = Atq, q = K (dh/dl). Therefore, Kws = (Q/At) (L/H) 
Here, water 1.24g = 1.24cm^ = Q,L=14.7cm,H = 16.1cm,A = 26.42cm^, t = 40s 
(because 20 drops was 80s, so 10 drops was 40s). 
Therefore, water saturated hydraulic conductivity = (1.24 / (26.42 x 40)) x (14.7 / 
16.1) = 0.00107 (cm/s) 
Continuous Monitoring with Water for Test Control 
Date Time Number of Measured Time (s) Weight of Water 10 
Water Drops Drops (g) 
9-9-97 19:02 20 80 1.24 
19:34 20 80 1.24 
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20:06 20 80 1.24 
20:38 20 80 1.24 
21:10 20 80 1.24 
21:42 20 80 1.24 
22:14 20 81 1.24 
22:46 20 82 1.24 
23:18 20 82 1.24 
23:50 20 82 1.24 
9-10-97 00:22 20 82 1.24 
00:54 20 82 1.24 
01:26 20 82 1.24 
01:58 20 82 1.24 
Measured water saturated hydraulic conductivity = (1.24 / (26.42 x 41)) x (14.7 / 
16.1) = 0.00105 (cm/s) 
Surfactant Solution Applied Data 
^Surfactant Applied Time: 18:30 
Date Time Number of Measured Time Weightof Solution 10 
Solution Drops (s) Drops (g) 
9-9-97 19:02 20 28 041 
19:34 20 28 0.41 
20:06 20 28 0.41 
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20:38 20 29 0.41 
21:10 20 29 0.41 
21:42 20 30 0.40 
22:14 20 31 0.40 
22:46 20 33 0.41 
23:18 20 33 0.41 
23:50 20 33 0.41 
9-10-97 00:22 20 33 0.41 
00:54 20 33 0.41 
01:26 20 33 0.41 
01:58 20 33 0.41 
Measured flow time of 1 pore volume; 2 hours 8 minutes. 
Therefore, measured hydraulic conductivity due to surfactant solution was as 
follows; 
K = (0.41 X 14.7) / (26.42 x 14 x 16.1) = 0.00101 at 0.5 p.v. 
K = (0.41 X 14.7) / (26.42 x 14.5 x 16.1) = 0.00098 at 1 p.v. 
K = (0.40 X 14.7) / (26.42 x 15 x 16.1) = 0.00092 at 1.5 p.v. 
K = (0.41 X 14.7) / (26.42 x 16.5 x 16.1) = 0.00086 at 2 p.v. 
Also, same value at 2.5, 3, 3.5 p.v. 
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APPENDIX J 
DETERMINATION OF HLB 
HLB values are available in the literature, trade catalogues, and surfactant 
suppliers. For nonionic surfactants, the HLB number is calculated from the weight % 
of the hydrophilic head group (or ether) divided by 5 (Rosen, 1989). This equation is 
empirical. Even though HLB values can be easily determined by empirical formula, 
this value generally is useful only as a rough guide to surfactant selection (Rosen, 
1989). Table 1 shows the HLB determination. 
Table 1. HLB determination of surfactant 
Trade M.W. Formula Weight % of Calculated 
Name hydrophilic or ether HLB 
Dowfax 64r C28H4oO(S03Na)2** 41 ^ 
8390 
Triton 624 C33H60O10 66.9" (67/5)=13.4 
XI00 (Average) 
*= Average molecular weight (Dow Chemical Co.) for the surfactant mixture 
**=Molecular weight for this specific molecular composition is 596 
a = This value is different with company data (HLB = 9.5), because the surfactant is 
a mixture of different molecular weights rather than being composed of a single 
molecular weight as given in the formula 
b = from Triton X100 structure (Figure 1), Because average n = 9.5, ether mass 
(CH2CH20)9.5 = 418, so (418/624) x 100 = 66.9 
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Alkylphenol ethoxylate 
Octoxynol, n ranges from 5 to 15 
For Triton XI00, n = 9 to 10 
Figure 1. Tlie structure of Triton XI00 
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